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ABSTRACT
The effects of volatile short chain fatty acids (YFAs) and long-chain fatty acids (LCFAs) 
on hydrogen consumption were investigated using a mixed anaerobic culture acclimated 
to glucose. The study was conducted in serum bottles by adding LCFAs (2000 mg I"1 
oleic or linoleic acid) and VFAs (0 to 1500 mg I' 1 acetate, propionate, or butyrate) to the 
culture and hydrogen (500 or 1000 ptmoles) to the headspace. Overall, the consequence of 
increasing the VFA concentration in the presence of LCFAs caused an increased 
inhibition of hydrogen consumption. VFAs were also examined in mixtures. 
Experiments with similar total VFA concentrations showed similar levels of inhibition in 
the range studied, though increased total VFA concentration increased inhibition. The 
effect of incubation time of individual LCFAs and VFAs prior to hydrogen addition was 
investigated. LCFA and VFA incubation time had a statistically significant effect on 
hydrogen consumption.
iii
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CHAPTER 1: GENERAL INTRODUCTION
With an increasing concern for the environment, global warming, and air quality, clean 
and renewable energy sources must be implemented to reduce or replace the use of fossil 
fuels and thus, reduce the formation of greenhouse gases (Gregoire-Padro, 1998). 
Hydrogen is an alternative energy carrier that can be used as a transportation fuel, or to 
generate electricity or heat. A hydrogen fuel based economy would likely be less 
polluting than a fossil fuel based economy since hydrogen is clean, efficient, and 
renewable (Gregoire-Padro, 1998, Hansel and Lindblad, 1998).
Under favorable microbial conditions, hydrogen is produced and subsequently consumed 
to form methane in the anaerobic fermentation of carbohydrates such as glucose, 
cellulose, and starch. This method of biological production of hydrogen is favorable 
because carbon compounds in many effluents and renewable agriculture biomass may be 
used as substrates. Long chain fatty acids (LCFAs) could be used to inhibit 
hydrogenotrophic methanogens and allow for hydrogen accumulation (Lalman and 
Bagley, 2000). LCFAs are abundant in wastewaters arising from various industries and 
can be produced from renewable agriculture products. Several environmental and 
engineering factors play a major role in biological hydrogen production including source 
culture pretreatment, hydrogen partial pressure, temperature, pH, the presence of other 
acids, and hydraulic retention time (HRT). Volatile short chain fatty acids (VFAs) are 
also produced in anaerobic fermentation and can likely impact the rate and amount of 
hydrogen production depending on their concentration. However, the combined effect of 
LCFAs and VFAs has not been reported in the literature.
1.1 OBJECTIVES
The purpose of this study was to examine the individual and combined effects of VFAs 
(acetate, propionate, butyrate) and Cig LCFAs (linoleic acid and oleic acid) on hydrogen 
consumption by mixed anaerobic culture.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The three main objectives are as follows:
1. Determine the effect of individual VFAs at varying concentrations in the presence of 
oleic and linoleic acids on hydrogen consumption;
2. Assess the impact of incubation time with VFA (acetate) and LCFA (oleic acid) 
before the addition of hydrogen, on hydrogen consumption; and
3. Examine the effects of VFA mixtures at varying concentrations in the presence of 
oleic and linoleic acids on hydrogen consumption.
This thesis is organized in the manuscript format. A literature review of biological 
hydrogen production with an emphasis on dark anaerobic fermentation is given in 
Chapter 2 followed by the materials and methods used to perform all the experiments 
(Chapter 3). Experiments related to individual VFAs and incubation time are described 
in Chapter 4 while experiments involving VFA mixtures are explained in Chapter 5. The 
engineering significance and overall conclusions regarding these two studies are given in 
Chapters 6  and 7, respectively.
1.2 REFERENCES
Gregoire-Padro, C.E. 1998. The once and future fuel. Energy Fuels. Special section on 
hydrogen. 1 2 :1 .
Hansel, A. and Lindblad, P. 1998. Towards optimization of cyanobacteria as 
biotechnologically relevant producers of molecular hydrogen, a clean and 
renewable energy source. Appl. Microbiol. Biotechnol. 50:153-160.
Lalman, J.A. and Bagley, D.M. 2000. Anaerobic degradation and inhibitory effects of 
linoleic acid. Water Res. 34:4220-4228.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2: LITERATURE REVIEW
2.1 HYDROGEN PRODUCTION
Hydrogen generation can be divided into tw o categories: physical/chemical methods and 
biological methods. Physical/chemical methods are energy intensive and therefore, 
expensive. An energy intensive method is  not ideal since the purpose of developing 
alternative energy sources is to move away from the use of traditional nonrenewable 
fossil fuels. Research on biological production of hydrogen is becoming increasingly 
popular because reduced carbon compounds from a variety o f sources can be utilized. 
Hydrogen production using biochemical processes as found in algae, fermentative or 
photosynthetic bacteria are less energy intensive compared to thermochemical and 
electrochemical processes (Lin and Chang, 1999). Photosynthetic, direct and indirect 
biophotolysis processes are dependent upon light, though light conversion efficiencies are 
very low (Nath and Das, 2004). Photosynthetic hydrogen producing systems also require 
highly structured photobioreactors (Levin et al., 2004). Dark anaerobic fermentation to 
produce hydrogen has several advantages: hydrogen production does not need a light 
source; several different carbon sources m ay serve as the substrate including starch, 
cellulose, and sucrose; valuable metabolites are generated as byproducts such as butyrate, 
lactate and acetate; and the process is not limited by byproducts such as oxygen (Das and 
Verizoglu, 2001; Nath and Das, 2004).
2.2 ANAEROBIC DIGESTION
Anaerobic digestion converts a variety of organic substrates, such as glucose, to methane 
and carbon dioxide. Anaerobic digestion can be generally separated into four stages, as 
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2.2.1 Hydrolysis
In an anaerobic bioreactor, complex organic molecules, such as polysaccharides and fats, 
are degraded by hydrolytic bacteria into oligomers and monomers (e.g. glucose, amino 
acids, fatty acids, and glycerol). Hydrolysis of the complex molecules might become a 
rate-limiting step, which is catalyzed by extracellular enzymes such as cellulases, 
proteases, and lipases (Bitton, 1994).
2.2.2 Acidogenesis
Acidogenesis ferments the organic matter into volatile fatty acids (VFAs) (propionate, 




















Figure 2.1: Metabolic bacterial populations participating in the dark fermentation 
process. (Adapted from Lester & Birkett, 1999)
4
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products. Acidogenic bacteria are typically fast growing and resistant to many inhibitors 
(Boone, 1985).
2.2.3 Acetogenesis
Acetogenic bacteria convert VFAs and alcohols into acetate, hydrogen and carbon 
dioxide. The latter products are utilized by methanogens to produce methane. Acetogenic 
bacteria require low hydrogen partial pressure for VFAs conversion. At relatively high 
hydrogen partial pressure, the formation of acetate is reduced and the end-products are 
diverted from methane into reduced compounds such as propionate, butyrate, and ethanol 
(Bitton, 1994).
2.2.4 Methanogenesis
Methanogenic bacteria are more sensitive to environmental conditions than other 
microbial populations. These slow growing organisms are divided into two groups, 
hydrogenotrophic and aceticlastic methanogens. Hydrogenotrophic methanogens convert 
carbon dioxide and molecular hydrogen into methane. Hence, the hydrogen partial 
pressure is kept very low by its continuous removal by these methanogens. 
Approximately 30% of the total methane produced is from the reduction of CO2 using 
molecular hydrogen (Boone, 1985). The main source of substrate for methanogens, (e.g. 
Methanosarcina spp. and Methanothrix spp.) is acetate. Aceticlastic methanogens convert 
acetate into methane and carbon dioxide and this population accounts for approximately 
60 to 80% of the methane produced (Smith and Mah, 1966; Mountfort and Asher, 1978; 
Mackie and Bryant, 1981).
2.3 FERMENTATIVE HYDROGEN PRODUCTION
In anaerobic environments, protons are reduced to molecular hydrogen (H2) to get rid of 
excess reducing equivalents (Nandi and Sengupta, 1998). The anaerobic metabolism of 
pyruvate is responsible for most of the microbial hydrogen production (Hallenbeck & 
Benemann, 2002). However, metabolism of pyruvate can lead to the formation of other 
end products. Figure 2.2 illustrates several possible pathways and end products of glucose 
fermentation. The individual pathways of pyruvate metabolism are mediated by several 
groups of microorganisms and do not necessarily occur simultaneously.
5
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Pyruvate decomposition may be catalyzed by  Pyruvate:formate lyase (PFL) to produce 
formate (Equation 2.1). Formate can be further degraded by enteric bacteria to produce 
hydrogen (Equation 2.2) (Hallenbeck & Benemann, 2002). The degradation of pyruvate 
to acetyl-CoA resulting in hydrogen production is catalyzed by Pyruvate :ferrodoxin 
oxidoreductase (PFOR) (Equation 2.3). M olecular hydrogen is also produced by the 
oxidation of the reduced ferrodoxin (Fd) by hydrogenase (Equation 2.4). The acetyl-CoA 
generated from pyruvate can be converted to  acetyl-phosphate, resulting in the formation 






PYRUVATE H2 + CO2
— ► Oxaloacetate - * Malic Acid — ► Succinic acid — ► Propionic acid
— ► a-Acetolactic
acid
— ► Acetoin — ► 2,3-Butanediol
Formic acid H2 + CO2











Acetaldehyde — ► Ethanol
Butyryl-CoA
Acetone







Figure 2.2: Pathways to the end products of the fermentation of sugars. (End products 
indicated by bold text) (Adapted from Gaudy & Gaudy, 1980)
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^  Pyruvate:formate . ,
Pyruvate + CoA <-----— -----> Acetyl-CoA + formate 2.1
Formate *-* H2 + CO2 2.2
Pyruvate:ferrodoxin
Pyruvate + CoA + 2Fd(ox) < oxidoreductase > Acetyl-CoA + 2Fd(red) + C 02 2.3
2Fd(red) ^  2Fd(ox) + H2 2.4
Acetyl-phosphate + ADP <-> Acetate + ATP 2.5
Acidogenic bacteria of the genus Clostridia have been studied for their ability to form 
spores and generate hydrogen (Lay et al, 1999; Ueno et al., 1995). This genus uses the 
PFOR and hydrogenase enzyme systems to produce hydrogen (Khanal et al., 2004). 
Other bacteria known to produce hydrogen include the Enterobacter, Escherichia coli, 
and Bacillus species (Tanisho et al., 1989; Levin et al., 2004).
During dark fermentation, hydrogen is also generated through NADH oxidation 
(nicotinamide adenine dinucleotide, reduced form). Residual NADH from the metabolic 
reactions is reoxidized, forming molecular hydrogen (Equation 2.6) (Tanisho et al., 
1998). Therefore, an increase in residual NADH would improve the hydrogen yield.
NADH + H+ ^  H2 + NAD+ 2.6
Table 2.1 shows several possible degradation routes for glucose with end products. 
Glucose in a mixed culture can theoretically yield a maximum of 4 and 2 mol hydrogen • 
mol*1 glucose by producing acetate and butyrate, respectively, as the fermentation 
byproducts (Equation 2.7 and 2.8) (Mizuno et al., 2000). The formation of lactate, 
propionate and ethanol is undesirable since they are reduced carbon substrates still 
containing valuable electrons which could be used to increase the hydrogen yield 
(Equation 2.9,2.10, and 2.12) (Hawkes et al., 2002; Ueno et al., 2001).
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Figure 2.3: Biochemical pathway of biomass conversion into hydrogen via fermentation 
(Adapted from Nath and Das, 2004)
Table 2.1: Products of acidification of glucose (adapted from IWA, 2002)
Product Reaction Eq.
Acetic acid C6H 120 6 + 2H20  <-> 2 CH 3COOH + 4H2 + 2C 0 2 2.7
Butyric acid C6Hi20 6 <-> CH3CH2CH2COOH + 2H2 + 2C 02 2.8
Propionic acid C6Hi20 6 + 2H2 <-> 2 CH 3CH2COOH + 2H20 2.9
Lactic acid C6Hi20 6 *-> 2CH3CHOHCOOH 2.10
Propionic and 
Acetic acid
3C6Hi20 6 <-► 4 CH3CH2COOH + 2 CH3COOH 
+ 2H20  + 2C 02
2.11
Ethanol C6H120 6 2CH3CH2OH + 2 CO2 2.12
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2.4 FACTORS AFFECTING HYDROGEN PRODUCTION
2.4.1 Microbial Source
Many studies have described using pure cultures of anaerobic bacteria, such as 
Clostridium sp., to assess the conversion o f  carbohydrates into hydrogen (Nandi and 
Sengupta, 199B). However, the use of mixed culture for biohydrogen production may be 
more advantageous and practical compared to pure culture systems. Use of mixed 
cultures is more economically feasible since they are readily available from many 
industries. Stable mixed cultures that can utilize non-sterile feedstocks are required for a 
technologically sustainable process as well. Conducting experiments using pure cultures 
could lead to difficulties, such as providing species-specific nutrients (Hawkes et al., 
2002). Hydrogen production by anaerobic fermentation has been studied in both batch 
and continuous processes. Van Ginkel et al. (2001) reported a yield o f 2.5 mol hydrogen • 
m o l1 glucose in a batch process. Ueno et al. (1996) and Lay et al. (1999) demonstrated a 
yield of 2 .0  mol hydrogen • mol' 1 hexose using cellulose in a continuous process and 2.1 
mol hydrogen • mol' 1 hexose using starch in a batch process, respectively. However, in 
continuous flow digesters operating under normal conditions, trace hydrogen levels are 
detected due to the ubiquitous nature of hydrogen consumers and inter-species hydrogen 
transfer reactions (Hawkes et al., 2002).
2.4.2 Hydrogen Partial Pressure
The hydrogen partial pressure has a strong effect on influencing the thermodynamics of 
hydrogen-producing acetogenic reactions. Evidence from studies conducted on the 
inhibition of a thermophilic butyrate-degrading bacterium has shown that a hydrogen 
partial pressure of 2.0 kPa prevented growth and butyrate consumption as compared to 
pressures as low as 0.1 kPa (Ahring and Westermann, 1988). The degradation of volatile 
fatty acids in fermentation reactions are unfavorable (Table 2.2) and hence, the hydrogen 
partial pressure must remain very low (<10 Pa) for these reactions to proceed. Otherwise, 
reduced end products may form to compensate for the elevated hydrogen levels. For 
example, the production of hydrogen from ethanol is less endergonic (AG°,= +9.6 kJ per 
mol) and may be produced under higher hydrogen partial pressure conditions (<100 Pa) 
(Schink, 1997). In an anaerobic environment, methanogenic activity and interspecies
9
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transfer of molecular hydrogen from hydrogen-producing bacteria and hydrogenotrophic 
methanogens are necessary to maintain low hydrogen partial pressure (Schmidt and 
Ahring, 1993).
Table 2.2: Gibb’s free energy changes under standard conditions for typical hydrogen- 
releasing and hydrogen-consuming reactions (Schink, 1997)_______________ _________
Reaction
AG0' 





CH3CH2CH2COO- + 2H20  2CH3COO‘ + H+ + 2H2 +48.3 2.13
CH3CH2COCr + 2H20  ~  CH3COO- + CO2 + 3H2 +76.0 2.14
CH3COO' + H+ + 2H20  ^  2C02 + 4H2 +94.9 2.15
CH3CH(CH3)CH2COO' + C 0 2 + 2H20  ^  3CH3COO" + 2IT + H2 +25.2 2.16
CH3CH2OH + H20  <-► CH3COO' + H+ + 2H 2 +9.6 2.17
Hydrogen-consuming reactions
4H2 + 2C02 ^  CH3COO' + H+ + 2H20 -94.9 2.18
4H2 + C 0 2 <->• CH4 + 2H20 -131.0 2.19
H2 + HCO3' ^  HCOO" + H20 -1.3 2.20
h 2 + S° ^  H2S -33.9 2.21
4H2 + S 042' + H+ ^  HS + 4H20 -151.0 2.22
H2C(NH3+)COO' + H2 ^  CH3COO + NH4+ -78.0 2.23
Fumarate + H2 <-+ succinate -8 6 .0 2.24
Recent efforts have been made to reduce the hydrogen partial pressure and eventually 
increase the hydrogen yield. Using a strain of Enterobacter aerogenes, Tanisho et al. 
(1998) sparged their culture with argon to increase the residual NADH and resultant 
hydrogen evolution (Equation 2.6). Residual NADH was also increased when the culture 
was sparged with hydrogen leading to the conclusion that the removal of CO2 from the 
liquid phase improved the hydrogen yield. The removal of CO2 decreases the amount of 
succinic and fumaric acids that are formed from the synthesis of pyruvate, CO2 and 
NADH, which influences the level of residual NADH available for hydrogen production. 
Mizuno et al. (2000) used sparging with nitrogen gas in the liquid phase to enhance 
hydrogen production from glucose. Using a continuous stirred-tank reactor at a hydraulic 
retention time of 5h, they observed that the specific hydrogen production rate increased
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from 1.5 ml hydrogen min' 1 g 1 biomass to  3.1 ml hydrogen min' 1 g' 1 biomass under 
sparging conditions. Their results demonstiated that the hydrogen partial pressure in the 
liquid phase was an important factor affecting yields.
2.4.3 Temperature
Fermentative production of hydrogen has been examined at both mesophilic and 
thermophilic temperature ranges. Hydrogen production and accumulation is strongly 
dependent on temperature since temperature affects the growth of microorganisms, such 
as methanogens (Valentine et al., 2000). Several authors have reported higher content of 
hydrogen in the biogas of thermophilic reactors when compared to similar mesophilic 
reactors. Shin et al. (2004) observed that the amount of hydrogen produced from the 
thermophilic acidogenic culture at 55°C was significantly greater than that from the 
mesophilic culture at 35°C at several pH conditions. No methane was detected in the 
biogas and negligible amounts of propionate were produced in the thermophilic cultures. 
The lower hydrogen production from the mesophilic test was attributed to the higher 
production of propionate and methanogenesis which converted hydrogen to methane. The 
effect of temperature in a two-phased reactor was assessed by Youn and Shin (2005). 
They compared a conventional mesophilic two-phased (CMTP) process (35°C) to a 
temperature-phased (TP) process, which consisted of a thermophilic-acidogenic 
fermenter (55°C) followed by a mesophilic-methanogenic fermenter (35°C). The TP 
process was free of methane with the biogas comprised mostly of hydrogen and carbon 
dioxide; acetate and n-butyrate were the main VFAs. The CMTP process resulted in 
lower hydrogen content, the presence of methane and propionate as a major VFA.
Zoetemeyer et al. (1982a) used glucose with an activated sludge inoculum to assess the 
hydrogen production capacity. They found an optimum temperature in the thermophilic 
range at 52°C but noted an optimum in the mesophilic range (37°C) as well. 
Thermophilic temperatures should reduce dissolved hydrogen concentration (Hawkes et 
al., 2002). However, mesophilic conditions offer a broader optima and more stable 
product distribution and do not require additional energy input (Zoetemeyer et al., 
1982a).
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2.4.4 Substrate Concentration
Carbohydrates, such as glucose, cellulose, and starch are commonly used as the organic 
carbon sources for hydrogen-producing fermentations since they are inexpensive and 
readily available. Optimal control factors such as the ratio of substrate to biomass 
concentration are needed for process efficiency (Lay, 2001). Research by Van Ginkel et 
al. (2 0 0 1 ) suggested that higher substrate concentrations may become inhibitory through 
increased acid production which leads to lowered pH, and increased hydrogen partial 
pressures. Lay’s (2001) batch experiments demonstrated that the hydrogen-producing 
activity of sludge was significantly inhibited when initial substrate levels 
(microcrystalline cellulose) exceeded 25.0 g I'1, with a maximum hydrogen yield 
occurring at a cellulose to initial sludge concentration ratio of 8 g cellulose g 1 VSS. 
Cellulose was selected as a substrate because it is the main component in plant biomass.
2.4.5 pH
One of the most important factors in the microbial production of hydrogen is pH. Low pH 
is inhibitory to methanogenic activity in anaerobic biological processes. Also, the activity 
of hydrogenase, an iron-containing enzyme, is inhibited by low pH. Therefore, control of 
pH is necessary due the effects on the activity of hydrogenase and metabolic pathways 
(Dabrock et al., 1992; Lay, 2001).
Tanisho et al. (1989) evaluated the effect of culture pH on cell growth and hydrogen 
production in batch cultures of E. aerogenes (38°C). Cell growth and hydrogen 
production were dependent on the culture pH  and the optimal pH levels observed for cell 
mass productivity and hydrogen evolution rate were 7.0 and 5.8, respectively. These 
authors suggested that the pH dependency of hydrogen evolution could be explained by 
both the intracellular redox state and related enzyme activities.
Operation at a low pH is necessary to avoid the presence of organisms utilizing hydrogen, 
particularly methanogens (Hawkes et al., 2002). However, a rapid decrease in pH within 
the range of 4.0-5.0 can be inhibitory to  hydrogen production (Roychowdhury et al., 
1988). If the pH is very low, alcohols are formed, which reduce the hydrogen yield. In 
the case of C. butyricum, when the pH was approximately 4.0, the enzymes leading to the 
production of acetone became active due to accumulation of VFAs, particularly butyrate
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and acetate, in the butyrate type fermentation by these species of microbes (Gaudy and 
Gaudy, 1980).
Kim et al. (2004) assessed the production o f  hydrogen at pH 4.5 and a hydraulic retention 
time (HRT) of 9 days in a semi-continuous reactor. At the 9 day HRT, the hydrogen yield 
was low and the primary product was butyrate. However, at pH 4.3, hydrogen production 
ceased and butanol was produced. The authors suggest that pH is considered to be more 
effective in affecting the anaerobic pathway compared to the inhibition of methanogens. 
Shin et al. (2004) noted that changing the pH  affected which VFAs were produced. When 
the pH was increased from 4.5 to 6.5 in a thermophilic acidogenic culture, less butyrate 
and hydrogen were produced and an increase in the acetate and carbon dioxide levels 
were observed. In a mesophilic culture, propionate was one of the major VFAs produced 
and the concentration increased with a rise in  the pH. Zoetemeyer et al. (1982b) observed 
that pH levels exceeding 6  showed dramatic changes of the main end product from 
butyrate to lactate, and subsequently to acetate, formate and ethanol.
Optimizing the pH is required to produce hydrogen and prevent methanogenesis. Several 
authors have reported an optimum pH near 5.5 for hydrogen production (Fang and Liu, 
2002; Khanal et al., 2004; Lay et al., 1999; Van Ginkel et al., 2001; Tanisho et al., 1989). 
Khanal et al. (2004) assessed the effect o f  pH and intermediate products on hydrogen 
production from starch and sucrose in batch tests. After varying the initial pH from 4.5 to 
6.5, they determined that the optimal operating pH range was between 5.5 to 5.7. 
However, at a higher initial pH value of 6.0, rapid hydrogen production was accompanied 
with a rapid VFA production to inhibitory levels. The hydrogen producers may have been 
inhibited because they could not adapt to the change in acidic conditions. Fang and Liu 
(2 0 0 2 ) achieved a hydrogen yield of 2 .1  ± 0 .1  mol hydrogen • mol' 1 glucose at an 
optimum pH of 5.5 using a mixed anaerobic culture. Below pH 5.5, glucose degradation 
and the hydrogen content in the biogas decreased. They also reported that methanogenic 
activity was suppressed due to acidic conditions. At a pH > 5.5, the hydrogenotrophic 
methanogens became more active and consumed hydrogen. Lin and Chang (1999) 
reported that a low pH of 5.7 and a short solids retention time (SRT) of 0.25 days gave a 
hydrogen yield of 1.7 mol hydrogen • mol' 1 glucose in a mesophilic acidogenic reactor.
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While several authors have reported low pH  conditions to be optimum for producing 
excess electron equivalence, the thermodynamics of glucose degradation show that 
biological hydrogen production may be more favourable at alkaline conditions. Table 2.3 
shows how increasing the pH affects the Gibb’s free energy change in glucose 
degradation for hydrogen production. Lee e t al. (2002) have reported an optimum pH of 
9.0 for fermentation of sucrose under mesophilic conditions. At this pH level, they 
observed maximum specific production yields of hydrogen, VFAs and alcohols, 
maximum sucrose degradation efficiency, and maximum production rate of hydrogen. 
Their results indicate that a hydrogen fermentation batch reactor requires the pH to be 
between 5 and 10.
Table 2.3: pH dependence of Gibbs free energy changes in hydrogen production 




(k.| per read  ion)
2.25 a C01U2O0 + 61I20  «-> 6 C 0 2 + 12H: 7* -26.2
b + 6H20  + 6 OH" 6 HCO 3 + 12H2 8 -23.8 9 -59.3
c + 120H" «-»• 6 CO 3'2 + 12H2 10 -78.2 11 -149.2
2.26 a C6H120 6 + 2H20  «-► 2 CH3COO' + 2H+ + 2C02 + 4H2 7 -215.7
b + 40H ’ 2 CH3COO' + 2H C 03" + 4H2 8 -223.9 9 -247.6
c + 6 OH' «-> 2 CH3COO' + 2H20  + 2C03'2 + 4H2 10 -265.7 11 -301.2
2.27a CH3COO' + 2H20  + H+ ^> 2 C 0 2 + 4H2 7 +94.8
b + 3H20  + O ff «-► 2H C 0 3 + 4H2 8 +100.1 9 +94.1
c + H20  + 3Q ff ^  2 C 0 3'2 + 4H2 10 +93.7 11 +76.0
* pH level(s) at which the reaction occurs is noted in bold in the upper left corner of the corresponding 
Gibb’s free energy for that reaction.
2.4.6 Volatile Fatty Acids
Acetate, propionate, and butyrate are the major VFAs produced during anaerobic 
treatment (Boone, 1985). These VFAs are the main source of electron equivalence for 
methanogens, with acetate accounting for about 70 to 80% of the methane formed in 
mesophilic and thermophilic digesters (Smith and Mah, 1966; Mountfort and Asher, 
1978; Mackie and Bryant, 1981). Acetate is converted to methane according to reaction 
2.28 by aceticlastic methanogens.
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CH3COOH CH4 + c o 2 2.28
VFAs levels are important in the operation of anaerobic bioreactors because they lead to 
methane formation but if present at high concentrations, they will inhibit the 
methanogenic population (Hill et al., 1987; Hawkes et al., 2002). Undissociated acids 
disrupt the membrane and intracellular processes when they enter cells by altering the pH 
and disrupting the proton pump (Herrero, 1983; Finean et al., 1984). According to 
Kugelman and Chin (1971) VFAs have no adverse effects on methane formers up to 6000 
mg l'1. However, higher VFA levels may show inhibitory effects on VFA degraders and 
methanogens.
Relatively high concentrations of acetate (>4800 mg I 1) are inhibitory to the degradation 
of VFAs (Kaspar and Wurhmann, 1978; Ahring and Westermann; 1988). Other authors 
have demonstrated inhibition by acetate on propionate-oxidizing microorganisms (Boone 
and Xun, 1987; Mawson et al., 1991). The addition of approximately 3000 mg I 1 acetate 
to the influent of a thermophilic UASB reactor (55°C, pH 7.0 to 7.7) severely inhibited 
propionate degradation though no effect was observed when approximately 3000 mg F1 
butyrate was added (Van Lier et al., 1993). Gorris et al. (1989) also reported that acetate 
was inhibitory to propionate degradation but not to butyrate degradation at pH 7 and 
37°C. Propionate and acetate were both shown to be inhibitory to propionate degradation 
in a mesophilic propionate-acclimatized sludge (Fukuzaki et al., 1990a). The authors 
attributed the inhibition to the undissociated acid forms of these compounds rather than 
the ionized acids.
Aceticlastic methanogenic inhibition by VFAs has been reported by several researchers. 
Fukuzaki et al. (1990b) observed that aceticlastic methanogens were affected by varying 
acetate concentrations in a mesophilic acetate-acclimatized sludge. After varying the 
acetate level from approximately 600 to 7800 mg F1 and pH from 6.0 to 7.5, (37°C), an 
optimal methane production was found at approximately 1800 mg F1 acetate and pH 6.5. 
These authors determined that the undissociated form of acetate is both substrate and 
inhibitor (depending on concentration) for aceticlastic methanogens and the inhibition 
increased with acetate concentration (Fukuzaki et al., 1990b). In contrast, Van den Berg
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et al. (1976) observed that acetate did not affect aceticlastic methanogenesis between 
acetate concentrations of approximately 1 2  to 6000 mg I' 1 under comparable conditions 
(40 to 45°C, pH 6.5 to 7.1). Complete aceticlastic inhibition of Methanosarcina barken 
by sodium acetate at approximately 19700 m g F1 (pH 7.0, 35 to 37°C) was reported by 
Yang and Okos (1987). The optimum acetate concentration for growth of these 
microorganisms was approximately 6000 mg I'1. Their results suggested that the 
inhibition at acetate concentrations > 6000 mg T1 was mainly due to acetate, not the 
sodium ion.
Some VFAs, for example propionate, are more toxic than others (Kugelman and Chin, 
1971; McCarty and McKinney, 1961). Iannotti and Fischer (1984) showed that acetate 
was the least toxic VFA to aceticlastic methanogens when compared to propionate and 
butyrate. Similarly, Ahring et al. (1995) observed that propionate had the greatest 
inhibitory effect on methane production, followed by butyrate and acetate.
VFAs are also inhibitory to hydrogenotrophic methanogenesis. The inhibition of 
propionate on Methanobrevibacter smithii and Methanospirillum hungatii, hydrogen- 
utilizing bacteria commonly found in anaerobic digesters, were studied (Barredo and 
Evison, 1991). Propionate inhibited microbial growth and cumulative methane 
production at concentrations as low as approximately 1500 or 2200 mg I' 1 and the 
methanogen count was reduced by at least 2  orders of magnitude at propionate 
concentrations >5900 mg I' 1 in a methanogenic enriched sludge (37°C, pH 6.5 to 8) 
(Barredo and Evison, 1991). In a recent study, Van Ginkel and Logan (2005) examined 
the inhibition of hydrogen production by undissociated acetate and butyrate in reactors 
inoculated with a heat treated inoculum (pH 5.5). They found that hydrogen yields were 
inhibited more by VFAs produced by high initial glucose levels than VFAs added 
externally. Butyrate decreased hydrogen production more than acetate. The inhibitory 
effects of butyrate on hydrogen production were also studied with heat treated, mixed 
anaerobic cultures at initial pH 6.0 and 37°C by Zheng and Yu (2005). Increasing 
butyrate concentrations lowered the hydrogen production from acidogenesis of glucose. 
A slight inhibition was observed at 4180 mg T1 though a strong inhibitory effect was not 
achieved until levels of 25080 mg I' 1 butyrate were added.
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2.5 MICROBIAL INHIBITION
Hydrogen production is an intermediate step in the production of methane in dark 
fermentation (Figure 2.1); hydrogen is produced by acidogens and acetogens but rapidly 
consumed by methanogens (Boone, 1985). Preventing methanogenesis by inhibiting 
methanogens would allow acidogens to produce hydrogen, carbon dioxide, and volatile 
acids (Lay et al., 1999). Several inhibition methods recently reported include heat 
treatment and chemical inhibition.
2.5.1 Heat Treatment
Heat treatment has been widely reported as a method to inhibit or kill hydrogen­
consuming methanogens and to enrich sporeforming, hydrogen-producing acidogens 
(Lay et al., 1999; Van Ginkel et al., 2001; Sung et al., 2002; Oh et al., 2003; Iyer et al., 
2004; Khanal et al., 2004). The hydrogen generating bacteria, Clostridia, are 
sporeformers which makes it suitable for heat shock enrichment treatment (Van Ginkel et 
al., 2001). Heat treatment also promotes germination of spores which increases the levels 
of active hydrogen producers and potential hydrogen production (Sung et al., 2002). Lay 
et al. (1999) boiled a culture for 15 minutes to inhibit the activity of hydrogen consumers. 
Alternatively, Van Ginkel et al. (2001) heat shocked the natural inocula at 104°C for 2 
hours to inhibit methanogens. Another approach reported by Sung et al. (2002) was the 
use of repeated heat treatments to the continuous anaerobic mixed culture system. The 
system was originally treated at 100°C for 15 min and repeated heat treatments of the 
biomass at 90°C for 20 minutes were conducted. Data from the latter study demonstrated 
that repeated heat treatments promoted hydrogen production by inhibiting hydrogen 
consumers.
2.5.2 Chemical Inhibitors
Other methanogenic inhibitors include oxygen, 2-bromoethanesulfonate (BES), acetylene 
and chloroform (Ahring and Westermann, 1987a; Sparling et al., 1997). Sparling et al. 
(1997) compared the inhibition effects of oxygen, 2-bromoethanesulfonate (BES), and 
acetylene on hydrogen production from a model lignocellulosic waste in batch reactors 
using a pure culture of Clostridium thermocellum or an undefined consortium. They 
observed that BES and acetylene in the headspace (1% v/v) were equally effective at
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inhibiting methanogenic activity in the undefined cultures. However, neither acetylene 
nor BES exerted any toxic effects on cellulose degradation in the pure culture. Using air 
(i.e. oxygen) caused an initial inhibition o f  methane formation with transient production 
of hydrogen in the undefined consortium; however, methanogenic activity recovery was 
observed. While BES and acetylene are inhibitors of methanogens, BES resistant mutants 
may grow and acetylene may inhibit other anaerobes in the system (Sparling et al., 1997).
2.5.3 Long Chain Fatty Acids (LCFAs)
An alternative method to enrich sporeforming, hydrogen-producing acidogens recently 
reported is with the use of long chain fatty acids (LCFAs). LCFAs are known to inhibit 
several anaerobic microorganisms. An advantage of using LCFAs as methanogenic 
inhibitors is that they are readily available and LCFAs such as stearic acid, oleic acid, and 
linoleic acid are obtainable from effluents and agriculture sources (Hanaki et al., 1981). 
LCFAs, from fats and oils, are present in  effluents from various industries such as 
slaughterhouses, edible oil refineries and dairy industries.
During anaerobic digestion, neutral lipids are first hydrolyzed to glycerol and LCFAs 
(Hanaki et al., 1981, Jeris and McCarty, 1965). LCFAs traverse the cellular membrane; 
once inside the cell, the LCFAs are degraded to acetate and hydrogen via the p-oxidation 
cycle (Cherrington et al., 1991; Mangroo et al., 1995). P-oxidation can often be the rate- 
limiting step in LCFA degradation (Shin et al., 2003).
LCFAs may inhibit the activity of anaerobic microorganisms (Koster and Cramer, 1987; 
Hanaki et al., 1981). Unsaturated fatty acids cause antibacterial effects on gram positive 
bacteria, which have similar cell walls as methanogens, but not on gram negative bacteria 
(Nieman, 1954). LCFAs may show antibacterial effects by interfering with membrane 
permeability. LCFAs cause leakage of cellular proteins or ions (e.g. K+, Na+) to gram- 
positive bacteria (Greenway and Dyke, 1979). Unsaturated LCFAs adsorb to the bacterial 
cell which alters the cell’s permeability and limits the transport and conversion of soluble 
substrates (Demeyer and Henderickx, 1967; Sayed et al., 1988; Rinzema et al., 1993; 
Hwu et al., 1998).
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The inhibitory effects of LCFAs on methanogenic activity in anaerobic systems have 
been studied by several researchers (Nieman, 1954; Hanaki et al., 1981; Koster and 
Cramer, 1987; Angelidaki and Ahring, 1992; Lalman and Bagley, 2000). LCFAs have 
been shown to inhibit hydrogen-consuming methanogens using a mixed culture 
unacclimated to LCFAs (Lalman and Bagley, 2000, 2001). The LCFAs studied by these 
authors were linoleic acid (an 18 carbon LCFA with two double bonds, noted Ci8:2), oleic 
acid (Cig.O, and stearic acid (Ci8:o). The presence of caprylic (C8:o), capric (Ci0:o), lauric 
(Ci2:o), myristic (Ci4:0), stearic (Ci8:0), oleic (Ci8:i), linoleic (Ci8;2), and linolenic (Ci8;3), 
acids are known to affect aceticlastic and hydrogenotrophic methanogens (Demeyer and 
Henderickx, 1967; Koster and Cramer, 1987; Lalman and Bagley, 2002). Inhibitory 
properties of fatty acids tend to increase with longer chains and increasing number of 
double bonds. (Nieman, 1954; Demeyer and Henderickx, 1967).
The concentration of LCFAs also affects the inhibition of methanogens. Angelidaki and 
Ahring (1992) observed that the lag phase for methane production increased with 
increasing oleate and stearate concentrations, and that oleate (1 0 0  to 2 0 0  mg I'1) had a 
greater inhibitory effect than stearate (500 mg I"1) on methane production and degradation 
of acetate, propionate and butyrate. Hanaki et al. (1981) also observed that an increase in 
concentration of a LCFA mixture from 0 to 2000 mg T1 (as oleate) increased the length of 
the lag period in aceticlastic methanogenesis. Accordingly, Koster & Cramer (1987) 
correlated LCFA concentration to the inhibition of aceticlastic methanogens caused by a 
mixture containing 300 and 900 mg I' 1 C8.0, Cio-.o, Ci2-.o, Ci4.0, and Ci8-.i-
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CHAPTER 3: MATERIALS AND METHODS
Methods used to conduct experiments described in Chapters 4 and 5 are the same and 
described herein.
3.1 INOCULUM SOURCE
The anaerobic mixed culture inoculum used in all experiments was obtained from a 
colleague who maintained the reactors (Gurukar, 2005). The culture was originally 
obtained from an ethanol production facility in Chatham, Ontario. The inoculum was 
maintained in an 8-1 semi-continuous reactor (Reactor A) at room temperature (23±2°C). 
Reactor A contained approximately 20,000 mg T1 of volatile suspended solids (VSS). 
Inoculum from Reactor A was diluted with basal medium to achieve 6000 mg I' 1 VSS in 
a 4-1 semi-continuous reactor (Reactor B). The performance of both reactors was 
determined by monitoring the glucose degradation, formation and removal of VFAs, total 
gas production, pH and alkalinity (as CaCOa). Reactor A and B were fed with 5000 mg I' 1 
glucose (ACP Chemicals, Montreal, Quebec) when acetate and gas production 
measurements indicated that all glucose and byproducts were consumed (within 5 to 6 
days) (Gurukar, 2005). The 160 ml serum bottles were prepared with culture from 
Reactor B after determining the pH, total suspended solids (TSS) and VSS. The pH of 
the culture ranged from 7.6 to 7.8.
3.2 BASAL MEDIUM
The basal medium used to dilute samples contained the following constituents (mg T1 of 
deionized water): NaHC03, 6000; NH4HCO3, 70; KC1, 25; K2H P04, 14; (NH4)2S0 4, 10; 
yeast extract, 10; MgCl2»4H20 , 9; FeCl2»4H20 ,  2; resazurin, 1; EDTA, 1; MnCl2»4H20 , 
0.5; CoC12»6H20 , 0.15; Na2Se03, 0.1; (NH4)6Mo0 7-4 H20 , 0.09; ZnCl2, 0.05; H3B 0 3, 
0.05; NiCl2*6H20 , 0.05; and CuC12»2H20 , 0.03.
3.3 EXPERIMENTAL DESIGN
Experiments were designed to investigate the effects of varying quantities of individual 
and mixture of VFAs on hydrogen consumption, when in the presence of the LCFAs 
oleic acid (OA) and linoleic acid (LA). The VFAs used in the study were acetic acid 
(99.8%), propionic acid (99.8%), and n-butyric acid (99.9%) (Fisher Scientific, Toronto,
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ON). The VFA concentration studied ranged from 0 to 1500 mg I'1. A 100,000 mg I"1 
stock solution was prepared for each VFA, and stored at 4°C.
The experiments were conducted in the presence of either OA (Cig-i) (>99%) or LA 
(Ci8;2) (99%) (TCI, America). Each LCFA stock solution was prepared to 50,000 mg I'1; 
2 ml of stock solution was added to the culture bottles to provide an initial LCFA 
concentration of 2000 mg T1 linoleic acid or oleic acid. Because of low solubilities, 
LCFAs do not disperse well in aqueous solutions (Sikkema et al., 1995). In order to 
overcome this problem, the LCFAs were added into a hot and vigorously stirred NaOH 
solution (Angelidaki and Ahring, 1992). The quantities of sodium hydroxide used 
(expressed as g of NaOH per g of LCFA) are provided in Table 3.1.
Table 3.1: Quantity of NaOH used for LCFA stock solution preparation (Gurukar, 2005)
LCIA \ NaOII LCFA)
Oleic 0.142
Linoleic 0.143
Varying amounts of culture from Reactor B and basal media were added to 160 ml serum 
bottles, depending on the condition examined. Each serum bottle received a total liquid 
volume of 50 ml. The serum bottles were prepared under anaerobic conditions in a 
Coy® anaerobic chamber (COY Laboratory Products, Inc., Michigan) with a mixed gas 
composition of 70% N2, 20% C 0 2 and 5% H 2 (Praxair, ON, Canada). The sample bottles 
were tightly sealed with Teflon®-lined silicone rubber septa and aluminum crimp caps. 
After sealing the bottles, 20 ml of the mixed gas was injected into each bottle to avoid 
negative pressure from forming in the bottle during headspace sampling. Hydrogen gas 
was added to the headspace of each bottle (500 or 1000 /xmol) to investigate the 
inhibitory effect of the LCFA and VFA on hydrogen consumption. The bottles were 
inverted to prevent gas losses and agitated with an orbital shaker (Lab-Line Instruments) 
at 200 rpm and 23±2°C throughout the batch study. The cultures were left on the orbital 
shaker for 1 day prior to the initiation of the each experiment to remove the residual 
hydrogen from the mixed gas in the anaerobic chamber. Anaerobic conditions were 
maintained as indicated by the resazurin dye remaining colorless. Samples (liquid and 
headspace) were withdrawn periodically to measure selected parameters.
27
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The effects of three parameters on hydrogen consumption were studied:
A. Individual VFAs (See Chapter 4)
B. Incubation time of culture with LCFAs and VFAs prior to addition of hydrogen 
(See Chapter 4)
C. Mixture of VFAs (See Chapter 5)
Each experiment was sampled over a 72 h period. Headspace samples (25 pi) were drawn 
at regular intervals and were analyzed for H 2, CH4, and CO2 with gas chromatography. 
Liquid samples (0.5 ml) were removed from each bottle periodically and analyzed for 
VFA concentrations with ion chromatography. (Note: Time = 0 h when the LCFA was 
injected into the serum bottles). The following control bottles were also prepared to 
assist in evaluating the data:
• Hydrogen control (no LCFA, no VFA)
• LCFA control (no VFA)
• VFA control; for each VFA(s) concentration/combination (no LCFA)
All treatments and controls were ran in triplicate.
Inhibition was determined by comparing hydrogen data (e.g. half-life values) for the 
treatments to the hydrogen, LCFA, and VFA controls. Higher half-life values compared 
to controls indicated a higher level of inhibition to hydrogen consumption.
3.4 ANALYTICAL METHODS
At selected time intervals, 0.5 ml of the mixed liquor were withdrawn from each bottle 
and transferred to a 7.5 ml culture tube, which contained 4.5 ml of Milli-Q® (Millipore, 
Nepean, ON) grade water. The diluted samples were centrifuged at 1750 g for 5 minutes. 
The centrate was filtered through a 25 mm diameter 0.45 pm polypropylene membrane 
(GE Osmonics, MN). The filtrate was filtered again using a 1 ml polypropylene cartridge 
with a 20 pm PE frit (Spe-ed Accessories, PA) filled with Chelex® 100 to 200 mesh, 
sodium resin (Bio-Rad Laboratories, CA). The filtered samples were stored in 5 ml 
polypropylene ion chromatography vials (Dionex, Oakville, ON) at 4°C until analysis. 
Culture bottles were sacrificed at the end of each experiment to measure pH, TSS and 
VSS.
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Liquid samples were analyzed for VFAs (acetate, propionate and butyrate) by ion 
chromatography using a Dionex Ion Chromatograph (IC) (DX-500) equipped with an 
AS40 automated sampler, a LC10 liquid chromatograph, a GP50 multi-gradient pump, a 
25 pi sample loop and a CD20 conductivity detector (Dionex, Oakville, ON). An 
IonPac® 24-cm x 4-mm diameter AS11-HC analytical column, IonPac® AG11-HC guard 
column and an ASRS-ULTRA® (4 mm) anion self-regenerating suppressor were used on 
the IC (all from Dionex). The IC was calibrated with acetic acid (99.8%), propionic acid 
(99.8%), and n-butyric acid (99.9%) (Fisher Scientific, Toronto, ON). The regenerant 
(12.6 mM H2SO4) had a flow rate of approximately 4.0 ml-min' 1 at a pressure of 5 psi. 
The regenerant and eluents were prepared with Milli-Q® grade water (18 MQ) (Millipore, 
Nepean, ON). The three eluents used were: Milli-Q® grade water (Eluent A); 100 mM 
sodium hydroxide (NaOH) (Eluent B); and 1 mM NaOH (Eluent C). The eluent flows (as 
a percent of the total flow of 1 ml min'1) were as follows: 0-15 mins., 80% A, 20% C; 15-
15.1 mins., A ramped from 80 to 85%, B from  0 to 15%, C went to 0%; 15.1-25 mins., A 
ramped from 85 to 65%, B ramped from 15 to 35%. The VFAs detection limit was 1 mg 
I"1. The calibration standards were prepared in basal media, filtered and analyzed in 
triplicate (See Appendix A). VFA standards followed by a Milli-Q® sample were 
analyzed after every 15 to 18 samples to check the instrument calibration.
Headspace samples were analyzed for hydrogen, methane and carbon dioxide using a 
Varian 3800 gas chromatograph (GC) equipped with a thermal conductivity detector 
(TCD) and a 2-m x 1.0-mm diameter (ID) (OD = 1.6 mm) packed Shincarbon ST 
(Restek, USA) column. The operational temperatures of the injection port, the oven and 
the detector were 100°C, 200°C, and 200°C, respectively. Nitrogen (99.999%, Praxair, 
ON) was used as the carrier gas at a flow rate of 21 ml min'1. Samples were injected 
manually (25 pi) using a 50 pi Hamilton Gastight® (VWR, Canada) syringe. The 
retention times of hydrogen, methane and carbon dioxide were at 0.43, 1.01 and 1.35 
minutes, respectively with detection limits of 0.063 kPa, 0.190 kPa and 0.127 kPa, 
respectively. Methane (99.99%) (Altech, USA), C 0 2 (99.999%) and H2 (99.99%) gases 
(Praxair, ON) were used to calibrate the gas chromatograph (GC); calibration standards 
were analyzed in triplicate. Residual methane was present in the controls. The methane 
profiles were adjusted to zero to account for the residual methane.
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Total suspended solids (TSS) and volatile suspended solids (VSS) were determined at the 
beginning and end of each experiment. The analysis was conducted using 5 ml of liquid 
sample and 1 pm pore size glass fiber filter papers (VWR, Canada). The pH of each 
batch reactor was measured at the beginning and at the end of each experiment using a 
VWR SR40C, Symphony pH meter. TSS, VSS, and pH were determined according to 
the procedures described in Standard Methods (APHA et al., 1998).
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CHAPTER 4: EFFECT OF INDIVIDUAL VFA AND 
INCUBATION TIME ON HYDROGEN 
CONSUMPTION IN THE PRESENCE OF 
LINOLEIC AND OLEIC ACIDS
4.1 INTRODUCTION
Volatile fatty acids (VFAs) produced during anaerobic digestion include acetate, 
propionate, and butyrate (Boone, 1985). Propionate and butyrate are converted to acetate 
and together they are the main source of substrate for the aceticlastic methanogenic 
bacteria, accounting for about 70 to 80% of the methane formed in mesophilic and 
thermophilic digesters (Smith and Mah, 1966; Mountfort and Asher, 1978; Mackie and 
Bryant, 1981). The remaining fraction of the methane is produced from hydrogen by the 
hydrogenotrophic methanogenic bacteria. High VFA levels are responsible for the 
inhibition of several metabolic pathways in methanogenesis during anaerobic 
fermentations. Undissociated acids disrupt membrane and intracellular processes by 
altering the pH and disrupting the proton pump (Herrero, 1983; Finean et al., 1984).
Hydrogenotrophic methanogens are inhibited by very high VFA concentrations. Studies 
by Barredo and Evison (1991) have shown propionate inhibition of Methanobrevibacter 
smithii and Methanospirillum hungatii, hydrogen-utilizing bacteria commonly found in 
anaerobic digesters. Propionate levels as low as 1500 have been reported to inhibit 
hydrogen-consuming methanogenic growth in an enriched methanogenic sludge 
maintained at 37°C and pH 6.5 to 8 (Barredo and Evison, 1991). The effect of VFAs on 
hydrogen production has also been assessed by several researchers. In a recent study, 
butyrate (2200 mg I'1, 25 mM) decreased hydrogen yields more than acetate (1500 mg I'1, 
25 mM) at similar molar concentrations in reactors inoculated with microorgansisms 
from a heat treated agricultural soil (Van Ginkel and Logan, 2005). Zheng and Yu (2005) 
demonstrated that increasing butyrate concentrations lowered the hydrogen production 
from acidogenesis of glucose with heat treated, mixed anaerobic cultures at initial pH 6.0 
and 37°C. A slight inhibition was observed at approximately 4000 mg I’1 though a strong 
inhibitory effect was not achieved until levels exceeding 25000 mg I' 1 butyrate were 
added.
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Several authors have researched the effects of VFAs on various metabolic pathways in 
anaerobic fermentation (Barredo and Evison, 1991; Zheng and Yu, 2005; Van Ginkel and 
Logan, 2005; Fukuzaki et al., 1990). However, data on hydrogen consumption in the 
presence of both VFAs and long chain fatty acids (LCFAs) is lacking. The objective of 
this work was to determine the effect of individual VFAs (acetate, propionate, butyrate) 
at varying concentrations on hydrogen consumption in the presence of two Ci8 LCFAs, 
oleic and linoleic acids. The effect of incubation time of the culture with LCFAs and 
VFAs prior to the addition of hydrogen, on hydrogen consumption was also examined.
4.2 MATERIALS AND METHODS




The individual VFA studies were initiated by simultaneously adding to the culture 2000 
mg I' 1 LCFA, varying concentrations of individual VFAs, and approximately 500 jumole 
(9.2 kPa) hydrogen to the headspace. The VFA were examined individually at 
concentrations of 500, 1000, and 1500 mg I'1. Changes in hydrogen, methane and VFA 
levels were monitored over a 72 h period. The experimental conditions are summarized 
in Table 4.1. A hydrogen control (no LCFA, no VFA), LCFA control (no VFA), and 
VFA controls (no LCFA) were also run with each treatment.
Table 4.1: Experimental conditions to assess the effect of individual VFA on hydrogen 
utilization






500 (9.2) 2000 500 0 0
500 (9.2) 2000 1000 0 0
500 (9.2) 2000 1500 0 0
B
500 (9.2) 2000 0 500 0
500 (9.2) 2000 0 1000 0
500 (9.2) 2000 0 1500 0
C
500 (9.2) 2000 0 0 500
500 (9.2) 2000 0 0 1000
500 (9.2) 2000 0 0 1500
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LCFA and VFA Incubation Time
Several experiments were conducted to determine the effect of incubation time (before 
the addition of hydrogen) with LCFA and VFA on hydrogen consumption. The 
incubation times studied and the corresponding experimental conditions are provided in 
Table 4.2. Hydrogen and methane levels were monitored over a 72 h period. Hydrogen, 
LCFA or VFA controls were prepared for each treatment.
Table 4.2: Incubation study experimental plan
Incubation time 




(mg I 1)LCFA VI \
0 0 Id00(18.4) 2000 1500
1 0 1000 (18.4) 2000 1500
2 0 1000 (18.4) 2000 1500
2 1 1000 (18.4) 2000 1500
2 2 1000 (18.4) 2000 1500
4.3 RESULTS
4.3.1 Individual VFAs
Hydrogen (500 /rmol) was consumed in the control within approximately 12 h with 
corresponding stoichiometric methane production (approximately 125 jamol) (Figures 4.1
(A) and (B)). VFAs (acetate, propionate, and butyrate) were below the detection limit at 
all times in the hydrogen control (no LCFA and VFA) or LCFA control (no VFA) 
(Figures 4.1 (C)).
The hydrogen consumption curves for the VFA controls and cultures receiving hydrogen, 
LCFAs and VFAs (Figures 4.1 to 4.9) were modeled using a first order expression 
d[H2]/dt = - k[H2}. Half-life values were determined for the VFA controls and each data 
set (Table 4.3 and 4.4, respectively) and were reported as a percentage with respect to the 
hydrogen control. Least-squares regression values (r2) of >0.96 for the data sets 
examined suggest that the expression adequately defines the trend. The first order model 
was used for comparing hydrogen removal rates and no conclusions should be made 
about the kinetic mechanism.
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Table 4.3: Percent hydrogen degradation half-life values (in reference to hydrogen 




In itia l \  1 \  Conci.iitraliiiii (nig 11>
1000 1500
Half-life as percent o f  hydrogen control (%)
Acetate 100 ± 3a 114 ± 6 a 114 ± 6 a 116 ± 7a
Propionate 100 ± 13a 91 ± 15a 83 ± 13a 86 ± 3a
Butyrate 100 ± 5a 115 ± 4 a 116 + 7a 119 ± 9 a
Average and standard deviation for triplicate samples are shown. The Tukey’s comparison was used to 
evaluate statistical differences within a 95% confidence interval. The superscript notation a is used to 
indicate that the means are statistically different within the same row.
Table 4.4: Percent hydrogen degradation half-life values (in reference to hydrogen 




I . ( T \
1l>drogcn 
Control
LCF \  
Control
Initial \  !■' 1 Concent ration tint* I'h
500 1000 1500
Half-life as percent ofhvdrouen control (%)
Acetate OA 100 ± 6a 312 ± 9 a 835 ± 74b 1518 ± 341c 1826 ± 174c
Propionate OA 100 ± 13a 2 5 1 ± 45a 656 ± 77b 890 ± 68b 1293 ± 300°
Butyrate OA 100 ± 5a 336 ± 1 4 b 604 ± 133c 859 ± 11T 1144 ± 99d
Acetate LA 100 ± 3a 69 1 ± 1 5 b 898 ±51° 812 ± 22c 1206 ± 245d
Propionate LA 100 ± 3a 732 ±143b 1189 ±63c 1839 ± 127d 2560±114e
Butyrate LA 100 ± 5a 1022 ± 142b 1587 ± 204c 1777 ± 50c 1575 ±75c
Average and standard deviation for triplicate samples are shown. LA = Linoleic acid, OA = Oleic acid. The 
Tukey’s comparison was used to evaluate statistical differences within a 95% confidence interval. The 
superscript notation a, b, c, d, and e are used to indicate that the means are statistically different within the 
same row.
A significant inhibitory effect on the hydrogen consumption was observed in all the 
LCFA controls containing either 2000 mg T1 OA or LA. The inhibition observations are 
based on a statistical comparison of half-life values with reference to the hydrogen 
control using Tukey's procedure (Box et al., 1978) at a 95% confidence level (Table 4.4).
Acetate
Hydrogen degradation in the acetate controls (500 to 1500 mg I'1) was statistically similar 
to the degradation in the hydrogen control based on half-life values (Table 4.3, Figure 
4.1). The hydrogen in these controls was rapidly consumed within the first 12 h (Figure 
4.1(A)). A large amount of acetate removal in the controls was observed between 12 and 
72 h (Figure 4.1 (C)) with a simultaneous increase in methane production (Figure 4.1
(B)), suggesting that this additional methane was produced from the conversion of acetate
34
with permission of the copyright owner. Further reproduction prohibited without permission.
to methane by aceticlastic methanogens. In the acetate controls, similar methane profiles 
were observed for varying concentrations of acetate from 500 to 1500 mg I'1. 
Approximately 60-83% acetate conversion was accounted for by the additional methane 
production in the cultures receiving varying concentrations of acetate (Figure 4.1 (B) and 
(C)). The hydrogen, methane and VFA profiles for cultures receiving 0 to 1500 mg I' 1 
acetate, 500 /nmol hydrogen, plus 2000 mg T1 OA or LA are shown in Figures 4.2 and 
4.3. Compared to the hydrogen and LCFA controls, the addition of OA and increasing 
levels of acetate from 500 to 1500 mg I' 1 caused a decrease in hydrogen consumption and 
methane production. There was no significant consumption of acetate in these cultures. 
Similar trends were observed for hydrogen consumption, methane production and acetate 
removal in the presence of LA and 0 to  1500 mg I' 1 acetate (Figure 4.3). When 
comparing all the data sets for acetate in the presence of OA, the OA control was found 
to be statistically similar to the hydrogen control because Tukey’s paired comparison 
procedure takes into account the standard deviations of all the data sets. However, if the 
OA and hydrogen controls were compared alone, they are statistically different because 
they each have small standard deviations. The same observation was noted in the 
hydrogen and OA controls in the data set for propionate in the presence of OA.
Propionate
In the propionate controls (i.e. no LCFA), the hydrogen profiles for cultures receiving 
500 to 1500 mg I 1 propionate were similar to the profile for the hydrogen control (Figure 
4.4). Additional methane was produced in samples that received propionate compared to 
the hydrogen control and a simultaneous decrease in propionate levels was observed. 
Minimal propionate removal was observed during the first 24 h, beyond which it 
decreased more rapidly.
The hydrogen, methane and VFA data for cultures receiving propionate, 500 /imol 
hydrogen, plus 2000 mg I"1 OA or LA are shown in Figures 4.5 and 4.6. Increasing 
propionate concentrations from 0 to 1500 mg T1 in culture containing either OA or LA
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■ Hydrogen Control o VFA Control, 500 mg I'1 Acetate 
□ LCFA Control, OA ▲ VFA Control, 1000 mg I'1 Acetate 
•  LCFA Control, LA a  VFA Control, 1500 mg I'1 Acetate
Figure 4.1: Substrate and product profiles for VFA controls in the presence of 500 
pmoles (9.2 kPa) hydrogen and 0 to 1500 mg f 1 acetate. ((A) Hydrogen, (B) Methane,
(C) Acetate. Each value shown represents the mean ± SD of triplicate samples).
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■ Hydrogen Control •  500 mg I 1 Acetate 
□ LCFA Control o 1000 mg I'1 Acetate
a 1500 mg I'1 Acetate
Figure 4.2: Substrate and product profiles for cultures in the presence of 2000 mg I' 1 OA, 
500 pmoles (9.2 kPa) hydrogen and 0 to 1500 mg f 1 acetate. ((A) Hydrogen, (B) 
Methane, (C) Acetate. Each value shown represents the mean ± SD of triplicate samples).
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Time, hours
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n Hydrogen Control 
o LCFA Control
•  500 mg I'1 Acetate 
o 1000 mg I'1 Acetate 
a 1500 mg I'1 Acetate
Figure 4.3: Substrate and product profiles for cultures in the presence of 2000 mg I' 1 LA,
500 pmoles (9.2 kPa) hydrogen and 0 to 1500 mg I"1 acetate. ((A) Hydrogen, (B) 
Methane, (C) Acetate. Each value shown represents the mean ± SD of triplicate samples).
38
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(A)
600 -I















36 4812 600 24 72
Time, hours
(C)
u  1000 ir
360 4812 24 60 72
Time, hours
a Hydrogen Control o V FA  C ontrol, 500 mg I"1 Propionate 
□ LCFA Control, OA ▲ VFA Control, 1000 mg I'1 Propionate 
•  LCFA Control, LA A V FA  Control, 1500 mg I'1 Propionate
Figure 4.4: Substrate and product profiles for VFA controls in the presence of 500 
pmoles (9.2 kPa) hydrogen and 0 to 1500 mg F1 propionate. ((A) Hydrogen, (B) 
Methane, (C) Propionate. Each value shown represents the mean ± SD of triplicate 
samples).
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■ Hydrogen Control •  500 mg I'1 Propionate 
□ LCFA Control o 1000 mg I*1 Propionate
a  1500 mg F1 Propionate
Figure 4.5: Substrate and product profiles for cultures in the presence of 2000 mg F1 OA, 
500 nmoles (9.2 kPa) hydrogen and 0 to 1500 mg f 1 propionate. ((A) Hydrogen, (B) 
Methane, (C) Propionate. Each value shown represents the mean ± SD of triplicate 
samples).
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Figure 4.6: Substrate and product profiles for cultures in the presence of 2000 mg I' 1 LA, 
500 pmoles (9.2 kPa) hydrogen and 0 to 1500 mg f 1 propionate. ((A) Hydrogen, (B) 
Methane, (C) Propionate. Each value shown represents the mean ± SD of triplicate 
samples).
41
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
resulted in less hydrogen consumption and methane production compared to the LCFA 
controls. Unlike the decrease in propionate levels observed in the propionate controls, 
the reduction in propionate levels were small (<13% degradation) at all concentrations 
when in the presence of either LCFA.
Butvrate
In the butyrate controls (500 to 1500 mg I”1) supplemented with hydrogen, the removal 
profile was similar compared to the hydrogen control without any butyrate (Figure 4.7). 
Controls receiving 1000 and 1500 mg F1 butyrate showed significant removal 
(approximately 35 to 40%) of the VFA within the first 24 h and minimal removal over 
the remainder of the experiment. A larger quantity of methane was produced in the 
butyrate controls compared to the hydrogen control but at less than stoichiometric 
amounts of the theoretical quantity assuming the butyrate consumed was converted to 
methane (60 to 20% for 500 to 1500 mg I ' 1 butyrate, respectively; Figures 4.7 (B) and 
(C)). Concentrations of butyrate ranging from 500 to 1500 mg I' 1 resulted in similar 
yields of methane production.
The hydrogen, methane and VFA levels for cultures receiving 500 to 1500 mg I' 1 
butyrate, 500 jumol hydrogen, and 2000 m g T1 OA or LA are shown in Figures 4.8 and 
4.9. Cultures receiving OA plus butyrate inhibited hydrogen consumption and methane 
production compared to the OA control. Butyrate and LA in the culture had a similar 
effect on hydrogen consumption as OA, though the inhibition was greater.
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■ Hydrogen Control o VFA Control, 500 mg I"1 Butyrate 
□ LCFA Control, OA A VFA Control, 1000 mg I'1 Butyrate
•  LCFA Control, LA A VFA Control, 1500 mg I'1 Butyrate
Figure 4.7: Substrate and product profiles for VFA controls in the presence of 500
pmoles (9.2 kPa) hydrogen and 0 to 1500 m g F1 butyrate. ((A) Hydrogen, (B) Methane,
(C) Butyrate. Each value shown represents the mean ± SD of triplicate samples).
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■ Hydrogen Control •  500 mg I'1 Butyrate 
□ LCFA Control ° 1000 mg I 1 Butyrate
▲ 1500 mg I"1 Butyrate
Figure 4.8: Substrate and product profiles for cultures in the presence of 2000 mg f 1 OA, 
500 pmoles (9.2 kPa) hydrogen and 0 to 1500 mg f 1 butyrate. ((A) Hydrogen, (B) 
Methane, (C) Butyrate. Each value shown represents the mean ± SD of triplicate 
samples).
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■ Hydrogen Control 
□ LCFA Control
•  500 mg I’1 Butyrate 
o 1000 mg F1 Butyrate 
▲ 1500 mg I'1 Butyrate
Figure 4.9: Substrate and product profiles for cultures in the presence of 2000 mg I' 1 LA, 
500 pmoles (9.2 kPa) hydrogen and 0 to  1500 mg f 1 butyrate. ((A) Hydrogen, (B) 
Methane, (C) Butyrate. Each value shown represents the mean ± SD of triplicate 
samples).
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4.3.2 Electron Mass Balance
As an example, electron mass balances for cultures at varying acetate concentrations plus 
OA are shown in Figure 4.10 (sample calculations are provided in Appendix B). The 
electron balance is based on the transfer o f  electrons from hydrogen and acetate to 
methane production. The percent electron mass balance is based on the initial amount of 
each compound added (Figure 4.10). The electron balance assumes that the degradation 
rate of the LCFA is low enough that the contribution of electrons from its byproducts is 
negligible. The electron balance only includes the substrates and products, and does not 
include the LCFA parent compound nor its byproducts. Notice that the electron recovery 
ranges from approximately 85 to 95% after 72 h in cultures receiving 500 to 1500 mg f 1 










4836120 24 60 72
Time, hours
■ Hydrogen Control •  500 mg I'1 Acetate
□ LCFA Control o 1000 mg I 1 Acetate
▲ 1500 mg I 1 Acetate
Figure 4.10: Electron mass balance profiles for cultures in the presence of 2000 mg f 1
OA, 500 pmoles (9.2 kPa) hydrogen and 0 to 1500 mg f l acetate. Each value shown
represents the mean ± SD of triplicate samples.
4.3.3 Impact o f  LCFA and VFA Incubation Time
The impact of LCFA incubation time was assessed by adding 2000 mg F1 OA at 1 or 2 
days intervals. Incubation with a specific LCFA was performed before injecting 1000 
pmoles (18.4 kPa) hydrogen plus 1500 mg T1 acetate, propionate or butyrate.
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Experiments conducted for individual VFAs with no LCFA or VFA incubation (i.e. 0 day 
incubation) are presented in section 4.3.1.
Incubation of OA
Hydrogen profiles for VFA controls were sim ilar to the hydrogen controls (Figure 4.11 
and 4.13). Hydrogen and methane profiles for cultures inoculated with individual VFAs 
(1500 mg F1) plus 1000 pmoles of hydrogen and incubated with only OA for one day are 
shown in Figure 4.12. Approximately 45 to  50% of the hydrogen remained at 72 h after 
hydrogen addition. This is a significant improvement compared to the hydrogen removal 
observed in the individual VFA studies with no LCFA incubation (less than 35% 
hydrogen remaining after 72 h). Overall, the effect of a one day incubation period with 
OA decreased the hydrogen consumption. In  the hydrogen controls, increases in methane 
production are associated with decreasing hydrogen levels 12 h after incubation (Figure 
4.11, 4.13). Over these 12 h, a similar profile was observed in the VFA controls, after 
which increased methane production was detected. As discussed previously using 
individual VFAs, additional methane production was likely caused by the VFA 
degradation. The addition of VFAs to cultures incubated for 1 day with OA resulted in 
increased inhibition of methane production compared to the OA control (Figure 4.12). In 
cultures incubated with OA for 2 days, the methane production in the OA control was 
further inhibited. Hence, the effect of adding the VFAs on methane production was not 
significant (Figure 4.14).
A first-order kinetic expression was also used to model data from the incubation time 
study. Under all conditions, the (r2) values were greater than 0.95. The half-life values 
derived from the first order model were used only to compare between data sets and a 
kinetic mechanism is not implied. The data for 0 day incubation was presented earlier in 
this chapter (Table 4.4) and is summarized in Table 4.5 and 4.6 for comparison.
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Table 4.5: Percent hydrogen degradation half-life values (in reference to hydrogen 
control) for the hydrogen control and OA control with 2 0 0 0  mg I' 1 OA addition occurring 




Half-life as percent of hydrogen control (%)
0* 100 ±  8a 299 ± 22b
1 100 ± 22a 548 ± 2b
2 100 ±  5a 930 ±194b
* Data for 0 d incubation were compiled from a previous set of experiments and are provided for 
comparison purposes. Average and standard deviation for triplicate samples are shown. The Tukey’s 
comparison was used to evaluate statistical differences. The superscript notation a and b are used to 
indicate that the means are statistically different within the same row.
Table 4.6: Percent hydrogen degradation half-life values (in reference to LCFA control) 
for cultures incubated with 2 0 0 0  mg I 1 OA for 0 , 1 , or 2  days prior to the addition of 




I.CI \  Control 1501) iiis> I 1 Acetate
1500 ins; 11 
I’ropionafc
1500 mg 11 
Dm v rate
Half-life as percent of LCFA control (%)
0* 100 ± 8a 585 ± 56b 516 ± 120b 341 ± 30°
1 100 ± 22a 392 ± 57b 437 ± 16b 452 ± 52b
2 100 ± 21a 236 ± 10b 243 ± 22b 210 ±  21b
* Data for 0 d incubation were compiled from a previous set of experiments and are provided for 
comparison purposes. Average and standard deviation for triplicate samples are shown. The Tukey’s 
comparison was used to evaluate statistical differences within a 95% confidence interval. The superscript 
notation a and b are used to indicate that the means are statistically different within the same row.
Incubation of Acetate
Additional batch experiments were conducted to investigate the impact of VFA 
incubation time on hydrogen metabolism. In each serum bottle, OA was incubated for 2 d 
(added at 0 h) and the acetate incubation was varied from 0 to 2 d (added at 0, 24, or 48 
h) and hydrogen (1000 jumoles, 18.4 kPa) was injected at 48 h (Figure 4.15). The data 
for the acetate incubation study was again fitted to a first-order kinetic expression (Table 
4.7). In previous experiments, the addition of acetate in the presence of LCFA resulted in 
elevated hydrogen levels and a lower production of methane. Extending the acetate 
incubation time from 0  to 2  days increased inhibition and reduced hydrogen consumption 
by approximately 41% (Figure 4.15).
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■ Hydrogen Control •  VFA Control, 1500 mg I'1 Acetate 
□ LCFA Control o VFA Control, 1500 mg I'1 Butyrate
▲ VFA Control, 1500 mg I'1 Propionate
Figure 4.11: Substrate and product profiles for VFA controls in the presence of 1000 
pmoles (18.4 kPa) hydrogen and 1500 mg F1 o f acetate, propionate, or butyrate. 
((A) Hydrogen, (B) Methane. Each value shown represents the mean ± SD of triplicate 
samples).
49






<h 600 -A 1 f
M 400 o|  200
(B)
H = Hydrogen added' 
L = LCFA added 
V = VFA added






0 12 24 36 48 60
Time, hours
72 84 96
■ Hydrogen Control •  1500 mg I'1 Acetate 
□ LCFA Control ° 1500 mg I"1 Butyrate
▲ 1500 mg I'1 Propionate
Figure 4.12: Substrate and product profiles for cultures in the presence of 2000 mg f 1 OA 
incubated for 1 day, 1000 pmoles (18.4 kPa) hydrogen and 1500 mg f 1 of acetate, 
propionate, or butyrate. ((A) Hydrogen, (B) Methane. Each value shown represents the 
mean ± SD of triplicate samples).
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□ LCFA Control o VFA Control, 1500 mg I'1 Butyrate
a VFA Control, 1500 mg I'1 Propionate
Figure 4.13: Substrate and product profiles for VFA controls in the presence of 1000 
pinoles (18.4 kPa) hydrogen and 1500 m g I' 1 of acetate, propionate, or butyrate. ((A) 
Hydrogen, (B) Methane. Each value shown represents the mean ± SD of triplicate 
samples).
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■ Hydrogen Control •  1500 mg I'1 Acetate 
□ LCFA Control ° 1500 mg I'1 Butyrate
▲ 1500 mg I'1 Propionate
Figure 4.14: Substrate and product profiles for cultures in the presence of 2000 mg f 1 OA 
incubated for 2 days, 1000 pmoles (18.4 kPa) hydrogen and 1500 mg l' 1 of acetate, 
propionate, or butyrate. ((A) Hydrogen, (B) Methane. Each value shown represents the 
mean ± SD of triplicate samples).
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Table 4.7: Percent hydrogen degradation half-life values (in reference to LCFA control) 
for cultures incubated with 1500 mg f 1 acetate for 0 to 2 days and 2000 mg I' 1 OA for 2 
days prior to the addition of 1000 pmoles (18.4 kPa) of hydrogen.
OA Control
Acetate Incubation Time (d)
0 1 2
Half-life as percent o f  O A  control (%
100 ±21a 232 ± 10b 219 ± 6 b 328 ± 37c
Average and standard deviation for triplicate samples are shown. The Tukey’s comparison was used to 
evaluate statistical differences within a 95% confidence interval. The superscript notation a, b, and c are 
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•  VFA Control A 48 hour acetate incubation
Figure 4.15: Substrate and product profiles for cultures in the presence of 2000 mg l' 1 OA 
incubated for 2  days with 1500 mg F1 of acetate added 0 , 1 , or 2  days prior to addition of 
1000 pmoles hydrogen. ((A) Hydrogen, (B) Methane. Each value shown represents the 
mean ± SD of triplicate samples).
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4.4 DISCUSSION
In the LCFA controls, cultures inoculated with LA were inhibited more than cultures fed 
with OA (Table 4.4). The inhibition was characterized using half-life values and 
statistical differences observed in cultures inoculated with LA or OA. The greater degree 
of inhibition caused by LA is expected since toxicity tends to increase with increasing 
number of double bonds (Nieman, 1954). Evidence from other studies have also shown 
that LA has a greater inhibitory effect on microorganisms when compared to OA (Shin, 
2003; Lalman and Bagley, 2002; Mykhaylovin et al., 2005). One possible cause of the 
inhibition is by the adsorption of LCFAs onto the bacterial cell membrane making it less 
permeable and limiting substrate transport (Demeyer and Henderickx, 1967; Sayed et al., 
1988; Rinzema et al., 1993; Hwu et al., 1998).
Profiles for hydrogen consumption in the acetate controls were similar to the hydrogen 
control (Figure 4.1 (A)), which suggests that acetate in the range of 500 to 1500 mg I' 1 
was not inhibitory to the hydrogen-consuming organisms in the mixed culture. Acetate 
alone did not show a significant effect on inhibiting hydrogen consumption (based on 
half-life values, Table 4.3, Figure 4.1 (A)). However, enhanced the inhibition in the 
presence of OA (Figure 4.2 (A)) was observed. Inhibition of hydrogen consumption was 
observed in the OA control compared to the hydrogen control (Figure 4.2). Based on the 
Tukey's paired comparison procedure (Box et al., 1978), the half-life values for cultures 
receiving OA plus acetate showed a significant increase in inhibition with increasing 
acetate concentrations from 0 to 500 mg I' 1 and from 1000 to 1500 mg I' 1 compared to the 
OA control (Table 4.4). In comparison to the LA control, an increased inhibition on 
hydrogen metabolism based on half-life values was observed when acetate was increased 
from 0 to 500 mg T1 and from 1000 to 1500 mg T1 acetate in the presence of LA (Figure
4.5 (A), Table 4.4).
After a significant amount of hydrogen was consumed in the acetate controls (i.e. the 
hydrogen partial pressure reduced to <1.3 kPa at 8 h; Figure 4.1 (A)), methane production 
was observed along with acetate degradation. Wu et al. (1996) also observed acetate 
degradation was inhibited in the presence of high hydrogen levels (approximately 18.4
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kPa). This observation could also be due to hydrogenotrophic methanogens (e.g. M. 
barkeri) preferentially consuming hydrogen before aceticlastic methanogens begin to 
consume acetate (Boone et al., 1987). The observations is likely due to the larger free 
energy (AG°' = -136.5 kJ/mol) derived from  the conversion of hydrogen to methane 
compared to the acetate to methane reaction (AG0' = -31 kJ/mol) (Thauer, 1977).
The addition of LCFAs to the culture along with acetate caused a minimal quantity of 
acetate to be removed (Figure 4.2 and 4.3 (C)). At the same time, methane production 
was greatly inhibited. Since acetate removal and methane production was significantly 
greater in the acetate controls, the presence of LCFAs likely inhibited acetate 
degradation. Aceticlastic methanogens are inhibited by LCFAs (Koster and Cramer, 
1987; Hwu and Lettinga, 1997; Hanaki et al., 1981). Evidence that Cg to Qg LCFAs 
inhibited methane production from acetate a t 30°C was reported by Koster and Cramer 
(1987). These authors observed a significant decrease in aceticlastic methanogenic 
activity with increasing LCFA concentration. Based on data reported by Koster and 
Cramer (1987), complete inhibition of acetate degradation is possible in the presence of 
2000 mg I' 1 OA, which matches with the levels used in the present study.
Propionate levels up to 1500 mg I 1 did not inhibit the hydrogen consumers based on the 
half-life values for propionate controls compared to the hydrogen controls (Table 4.3, 
Figure 4.4 (A)). The addition of propionate and OA resulted in a significant enhanced 
inhibitory effect on hydrogen consumption (Table 4.4). As with acetate, the presence of 
propionate also enhanced the inhibition of hydrogen metabolism in cultures fed with OA. 
The half-life values suggest that an enhanced effect on the inhibition of hydrogen 
degradation by the presence of propionate plus OA increased with increasing propionate 
concentrations from 0 to 500 and from 1000 to 1500 mg T1 (Table 4.4). Less hydrogen 
was also consumed in cultures containing LA and propionate compared to the LA control 
(Figure 4.6). A comparison of the half-life values reveals that the inhibitory effect 
increased with increasing propionate levels (Table 4.4). Therefore, propionate also 
enhanced inhibition to hydrogen consumption in the presence of LA.
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Gibb’s free energy profiles were plotted in Figure 4.16 for degradation of propionate and 
butyrate to hydrogen. The degradation of propionate and butyrate requires the hydrogen 
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Figure 4.16: Gibb’s free energy profiles for degradation of propionate and butyrate to 
hydrogen
Propionate degradation in the controls was initiated between 12 to 24 h. After 12 h of 
incubation, the hydrogen partial pressure in the headspace was approximately 0.7 kPa and 
<0.06 kPa by 24 h. Low hydrogen levels are required for propionate degradation to 
proceed. Similar findings showed that propionate degradation was greater at decreased 
hydrogen partial pressure in cultures fed with propionate (Schmidt and Ahring, 1993). 
Propionate oxidation occurred at a hydrogen partial pressure of approximately 0.05 kPa 
and lower in the headspace.
In contrast to the data obtained with the propionate controls (Figure 4.4), the propionate 
concentration was relatively unaffected over the duration of the experiment when a 
LCFA (LA or OA) was added to the cultures (Figure 4.5 and 4.6). Since hydrogen 
removal was observed in the propionate controls (i.e. no LCFA present), the presence of 
LCFAs likely inhibited the propionate-degrading acetogenic bacteria. The latter is
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supported by Shin et al. (2003) who also observed that Cjg LCFAs were inhibitory to 
propionate degradation.
Hydrogen consumption in all the propionate controls coincided with the production of 
methane during the first 12 h after inoculation with hydrogen and propionate (Figure 4.4 
(A) and (B)). The additional methane produced after the consumption of hydrogen 
corresponded with propionate degradation (Figure 4.4 (C)). Following the removal of 
hydrogen, propionate was likely degraded to  methane. It was found that the quantity of 
methane produced in controls receiving 500 to 1500 mg I' 1 propionate accounted for 
approximately 80 to 90% of the propionate consumed.
Propionate levels between 500 to 1500 mg F 1 did not inhibit methane formation under the 
conditions examined. In contrast, Barredo and Evison (1991) demonstrated propionate 
toxicity to methanogenic enriched sludge a t concentrations as low as 1500 mg I'1. The 
lack of methanogenic inhibition in the propionate controls could be due to the low VFA 
levels used to inoculate the cultures. Additionally, the work reported by Barredo and 
Evison was conducted at 37°C, whereas the present study was performed at 23°C. 
Temperature plays a major role in the growth and metabolism of methanogens and 
toxicity to various chemicals is expected to increase with temperature (Hwu and Lettinga, 
1997). Ahring et al. (1995) examined the toxicity of VFAs on methanogens. Propionate 
had the greatest inhibitory effect on methane production, followed by butyrate and 
acetate.
The hydrogen removal profiles for the butyrate controls were very similar to the profiles 
for cultures hydrogen control (Figure 4.7 (A)). Therefore, the presence of butyrate did 
not have a detectable inhibitory effect on the hydrogen consumption in the butyrate 
concentration range under investigation. Increasing the butyrate concentrations from 500 
to 1500 mg I' 1 in the presence of OA increased the inhibition of hydrogen consumption 
compared to the OA control (Figure 4.8). The latter observation is also supported by the 
greater half-life values for cultures inoculated with butyrate plus OA (Table 4.4). 
Significant differences between the half-life values (Table 4.4) for cultures receiving 
1500 mg I' 1 butyrate compared to those fed with 500 or 1000 mg I' 1 of the same VFA
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suggests that the inhibition increased with butyrate concentrations in the presence of OA. 
The half life values suggest butyrate also enhanced the inhibition of hydrogen 
consumption in cultures containing LA compared to the LA controls but the inhibition 
did not increase significantly with increasing butyrate concentrations (Figure 4.9, Table 
4.4).
Unlike experiments conducted with propionate and acetate, no lag in butyrate degradation 
was observed in the butyrate controls (Figure 4.7 (A)). After 12 h, methane production 
was consistent with hydrogen consumption suggesting that hydrogen was converted to 
methane. However, butyrate removal was also observed in the first 12 h, with minimal 
removal occurring after 24 h of incubation. This is contrary to what is expected since an 
initially high hydrogen partial pressure is present. Methane production was 
approximately the same at all butyrate concentrations examined in the controls. 
Approximately 60% of the butyrate removed in the 500 mg I' 1 control was accounted for 
by methane production while in the controls inoculated with 1000 and 1500 mg I"1 
butyrate, only approximately 25 and 20%, respectively, was accounted for by methane 
production.
Butyrate could likely proceed to an intermediate product which was later partially used 
for methane production. According to Schmidt and Ahring (1993) butyrate is converted 
to formate following reaction 4.1.
CH3CH2CH2COO' + 2HCCV ^  2CH3COO’ + 2HCOO’ + H+, AG°' = 45.5 kJ/mol 4.1
Because the free energy is unfavourable under standard conditions, the reaction will only 
proceed if the products are removed by methanogens. Butyrate can also be converted to 
butanol (Equation 4.2), though this usually occurs at low pH levels of 4.0. The standard 
Gibbs free energy change for this reaction is favourable at pH = 7.0 (Thauer et al., 1977).
Butyrate’ + FT + 2H2 Butanol + H20 , AG°,= -16.3 kJ/reaction 4.2
Schmidt and Ahring (1993) observed butyrate degradation at a higher hydrogen partial 
pressure (0.9 kPa) in comparison to propionate (0.05 kPa). Their observation might 
explain why propionate degradation was initially inhibited by high hydrogen levels but
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the same was not observed for butyrate. In another similar study, evidence provided by 
Wu et al. (1996) suggested that butyrate degradation began at an even higher hydrogen 
partial pressure (1.7 kPa) in a syntrophic isobutyrate-butyrate degrading culture resulting 
in the isomerization of butyrate to isobutyrate, as well as formate, acetate, and methane 
production. In the 1000 and 1500 mg I*1 butyrate controls, the hydrogen partial pressure 
was approximately 1.4 kPa, 8 h after the experiment commenced and about 0.3 kPa after 
12 h. Another possible reason why butyrate degraded is that the actual hydrogen partial 
pressure in solution could have been lower than calculated because of non-equilibrium 
with the headspace.
The presence of 2000 mg I' 1 LCFAs resulted in lower butyrate degradation compared to 
the butyrate controls suggesting that the LCFAs were inhibitory to the butyrate-degrading 
organisms. Mykhaylovin et al. (2005) also reported significant inhibition to butyrate 
degradation in the presence of 1000 mg I' 1 of LA or OA when fed 1000 mg I' 1 butyrate. 
Confirmation that butyrate and propionate degradation were inhibited at a low LCFA 
level of 500 mg l' 1 OA was reported by Angelidaki and Ahring (1992).
The presence of LCFAs plus 500 to 1500 m g I 1 butyrate decreased methane production 
along with the hydrogen consumption compared to the LCFA controls. Under the latter 
conditions, hydrogenotrophic methanogens were likely inhibited. Similarly, Hanaki et al. 
(1981) reported that the inhibitory effect caused by a LCFA mixture (2000 mg I' 1 as 
oleate) on hydrogenotrophic methanogenesis was intensified by the addition of 
approximately 2900 mg I' 1 butyrate in cultures acclimated to LCFAs.
In all the experiments conducted with individual VFAs with LCFAs, the addition of 
VFAs significantly enhanced the inhibition to hydrogen consumption (based on half-life 
values, Table 4.4). When comparing the half-life values for cultures receiving VFA plus 
LCFA to the LCFA controls (Table 4.4), the enhanced effect was more prominent in the 
presence of OA than LA. However, in terms of LCFA controls, LA exerted a greater 
inhibitory effect on hydrogen-consumers than OA which suggests that the additional 
enhanced effect on the VFAs is probably dependent of the level of inhibition by the
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LCFA. When the level of inhibition due to a  LCFA was high, the enhanced effect due to 
the presence VFAs was lower and vice versa.
LCFAs are inhibitory to VFA degradation, w ith a greater degree of toxicity observed for 
unsaturated fatty acids (Shin et al., 2003). LCFAs in the present study inhibited 
hydrogen consumption, methane production as well as VFA degradation. In the VFA 
controls, all of the hydrogen and most of the VFAs were converted to methane (Figures 
4.1, 4.4, and 4.7). Also in the LCFA controls, most hydrogen was converted to methane 
(85 to 100% assuming no degradation of LCFAs). However, in all the cultures receiving 
LCFAs and VFAs, approximately 40 to 70% of hydrogen consumed was accounted for 
by methane production. Some hydrogen could have been diverted to produce acetate by 
homoacetogens. Oh et al. (2003) reported that hydrogen was consumed even though 
methane production from hydrogen was inhibited by heat shock; additional studies 
revealed that hydrogen was converted to acetate.
A fraction of the reducing equivalence from hydrogen may be also converted to formate 
(Equation 2.20). Wu et al. (1996) showed that formate was an electron carrier in a 
syntrophic isobutyrate-butyrate degrading culture. At high hydrogen levels (17 or 41.3 
kPa), measurable quantities of formate were produced (up to about 90 mg I'1). This is 
comparable to the initial level of hydrogen used in the present research (9.2 kPa) and 
thus, formate production may have taken place under selected conditions.
The effect of increasing the OA incubation time from 0 to 2 days resulted in higher half- 
life values compared to the hydrogen control (Table 4.5). Hence, increasing the LCFA 
incubation time increased the inhibitory effect on hydrogen consumption. The incubation 
time likely increased the adsorption of the LCFAs on the surface of the bacteria 
(Demeyer and Henderickx, 1967; Templer et al., 2006), which in turn decreased 
hydrogen consumption. Studies by Templer et al. (2006) support the fact that incubation 
time of the LCFA (OA and LA) is a major factor in hydrogen metabolism. With 
incubation times of 1 h and 48 h of 0 to 2000 mg T1 LCFA, these authors reported the 
greatest inhibition to hydrogen degradation was observed in the presence of 2 0 0 0  mg I' 1
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LA and a 48 h incubation period. In the present study, hydrogen degradation was 
inhibited by 2000 mg I' 1 OA when the LCFA was incubated for 48 h.
The half-life data for cultures given VFAs and incubated with OA were normalized to 
their respective OA controls to demonstrate the effect of incubation time (Table 4.6). In 
the presence of OA, an enhanced inhibitory effect on hydrogen consumption due to the 
addition of VFAs was observed (Figure 4.12 and 4.14 (A)). However, the added effect 
due to VFAs seems to be dependent upon the inhibition ability of the LCFA itself. The 
data suggests that when the inhibition by LCFA is lower, the enhanced effect due to 
VFAs is greater. Therefore, the inhibitory effect of adding VFA decreased when the 
inhibition caused by LCFA alone was greater.
The increase in inhibition of hydrogen consumption was statistically significant when the 
incubation time of acetate was extended from 0  to 2  days and the culture was also 
incubated with OA for 2 days (Table 4.7).
Based on Figure 4.12 (A), each of the individual VFAs had a similar effect on hydrogen 
consumption when added in the presence of OA. Therefore, under the concentration 
studied (1500 mg I 1), the individual VFAs were equally inhibitory to hydrogen 
consuming organisms.
4.5 CONCLUSIONS
Individual and combined effects of VFA and LCFA on hydrogen consumption in mixed 
anaerobic cultures were examined. The VFAs under consideration were acetate, 
propionate, and butyrate (500 to 1500 mg I 1) plus either 2000 mg T1 OA or LA. The 
effect of incubation time of the culture with LCFA and VFA on hydrogen consumption 
was also examined. The conclusions from experiments in this chapter are as follows:
1. Both OA and LA were inhibitory to hydrogen consuming microorganisms. 
However, the level of inhibition was greater with LA compared to OA.
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2. All three VFAs (acetate, propionate, butyrate) when added individually were not 
inhibitory to hydrogen consuming microorganisms in the concentration range 
examined.
3. The inhibition of hydrogen consuming microorganisms by LCFAs was enhanced 
by the concomitant presence of either VFA at all concentrations. The enhanced 
effect of the VFAs seemed to depend on the level of inhibition by the LCFA 
alone, with the effect reducing with increasing inhibition observed in the LCFA 
control. The inhibition of hydrogen consuming microorganisms was also 
dependent on VFA concentration, in most cases.
4. An increase in incubation time (0 to  2 days) of cultures with OA significantly 
increased the inhibition of hydrogen consumption. Relatively smaller but 
significant increase in inhibition of hydrogen consumption was observed by also 
increasing the incubation time of culture from 0  to 2  days with acetate.
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CHAPTER 5: EFFECT OF VFA MIXTURES AND LCFA ON 
HYDROGEN CONSUMPTION
5.1 INTRODUCTION
Under optimum fermentation conditions, VFAs produced by acidogenesis and 
acetogenesis are converted to methane by mixed anaerobic microorganisms. High VFA 
levels have been shown to inhibit VFA degradation, aceticlastic methanogenesis and 
hydrogenotrophic methanogenesis (Van Lier et al., 1993; Yang and Okos, 1987; Barredo 
and Evison, 1991). In a recent study, Van Ginkel and Logan (2005) demonstrated that 
2200 mg I'1 (25 mM) butyrate decreased hydrogen production more than 1500 mg I'1 
acetate (25 mM) in reactors inoculated with a heat treated culture at pH 5.5. When the 
latter two VFAs were added together at 1100 mg I'1 butyrate and 750 mg I'1 acetate 
(equimolar concentrations of 12.5 mM of each), the decrease in hydrogen yield was even 
greater. Barredo and Evison (1991) also reported that propionate was inhibitory to 
hydrogenotrophic methanogenesis as low as 1500 mg I"1.
Although several studies have reported the effects of VFA on hydrogen production and 
consumption individually, research data on the combined effect of mixed VFAs and 
LCFAs on hydrogen consumption has not been reported. The objective of this work was 
to determine the effect of VFA (acetate, propionate, butyrate) mixtures on hydrogen 
consumption in the presence of two Qg LCFAs, oleic acid and linoleic acid.
5.2 MATERIALS AND METHODS
The materials and methods for the series of experiments described herein are given in 
Chapter 3: Materials and Methods.
5.2.1 Experimental Plan
Several combinations of VFA mixtures were use to assess their effects on hydrogen 
consumption. Assessment of the effect caused by VFA mixtures was implemented using 
a half fractional factorial design to minimize the number of experiments. High and low 
concentrations were defined as 1500 mg T1 and 500 mg I'1 for each individual VFA for 
the half fractional factorial matrix (Table 5.1). Each experiment was repeated in triplicate 
and the entire set of experiments was completed with OA and LA as the LCFAs. The
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cultures were incubated with the LCFAs and VFAs for one day before adding 1000 
/tmoles (18.4 kPa) hydrogen into the serum bottle.





VFA Mixture (mg I"1)
M ixture Acetate Propionate Butyrate
1000(18.4) 2000 A 1500 1500 1500
1000 (18.4) 2000 B 1500 500 500
1000 (18.4) 2000 C 500 1500 500
1000(18.4) 2000 D 500 500 1500
5.3 RESULTS
5.3.1 Mixed VFAs
Hydrogen and methane profiles for the VFA controls (i.e. no LCFA added) are shown in 
Figure 5.1. The hydrogen consumption in the VFA controls of all VFA mixtures was 
statistically similar to the hydrogen control (Table 5.2). However, the profile for Mixture 
A varied slightly from the other mixtures. The methane produced in the VFA control for 
Mixture A was comparable to the methane produced in the hydrogen control. There was 
no appreciable increase in methane production for Mixture A and the hydrogen control 
after 24 h. However, the methane production for Mixture B, C, and D VFA controls 
continued to increase linearly 24 h after hydrogen was added and the profiles were 
similar. In each mixture, a large fraction of acetate was removed while negligible 
removals were detected for butyrate and propionate (Figure 5.2). No significant removal 
of any of the VFAs was observed for Mixture A.
Hydrogen profiles from this study were fitted to zero-order {dfHiJ/dt = - k) and first- 
order (d[H2]/dt = - k[H2J) kinetic models. For the controls and mixtures in the presence 
of OA, the first-order expression provided a better fit (r2>0.96). However, the VFA 
mixtures in the presence of LA were modeled best by a zero-order relationship (r2>0.86). 
Half-life values were determined for the VFA controls and each data set (Table 5.2 and 
5.3, respectively) are shown as percentages of the half-life for the hydrogen control. The 
kinetic data was used only for analyzing and comparing data and no conclusions should 
be made regarding the kinetic mechanisms.
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Table 5.2: Percent hydrogen degradation half-life values (in reference to hydrogen 
control) for cultures receiving a mixture of VFAs and 1000 /rmoles (18.4 kPa) of 
hydrogen
Hydrogen 
Com ml Mixture A M ixture B Mixture C M ixluic 1)
HuU-lile as percent o f  hydrogen control (% )
100 ± 1 a 103 ± 1 5 a 75 ± 5 a 74 ± 8 a 74 ± 17 a
Average and standard deviation for triplicate samples are shown. The Tukey’s comparison was used to 
evaluate statistical differences within a 95% confidence interval. The superscript notation a, b, and c are 
used to indicate that the means are statistically different within the same row. Mixture A, B, C and D are 
defined in Table 5.1.
Table 5.3: Percent hydrogen degradation half-life values (in reference to hydrogen 
control) for cultures receiving a mixture of VFAs, 2000 mg I'1 LCFAs and 1000 jumoles 






M ixture V Mixture B Mixture C Mixture 1)
1 lalf-lilV us percent o f liydrngen control (% )
O A 100 ± 1a 1995 ± 212 b 7967 ± 708 c 2703 ± 300 b 2574 ± 306 b 2696 ± 93 b
L A 100 ± 9 a 5198± 300b 27488 +  919° 6675 ± 684 b 6584 ± 397 b 6418 ± 395 b
Average and standard deviation for triplicate samples are shown. LA = Linoleic acid, OA = Oleic acid. The 
Tukey’s comparison was used to evaluate statistical differences within a 95% confidence interval. The 
superscript notation a, b, and c are used to indicate that the means are statistically different within the same 
row.
67
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1200i
(A) H = Hydrogen added 
V =  VFA addedSL 1000
Z  600
M  4 0 0  o|  200
0  1 2  2 4  3 6  4 8  6 0  7 2  8 4  9 6
Time, hours
(B)
8 0 0 ©  @
» 700
jj 600
|  5 0 0  
• g  4 0 0  
J  3 0 0  : '  
| 200 
* ■  100
H = Hydrogen added 
V = VFA added
0 1 2  2 4  36 4 8  60 7 2  8 4  96
Time, hours
□ Hydrogen Control
•  Mixture A: 1500 mg I"1 Ac, 1500 mg F1 Pr, 1500 mg F1 Bu 
o Mixture B: 1500 mg F1 Ac, 500 mg F1 Pr, 500 mg 1 Bu 
▲ Mixture C: 500 mg F1 Ac, 1500 mg F1 Pr, 500 mg F1 Bu 
a  Mixture D: 500 mg F1 Ac, 500 mg F1 Pr, 1500 mg F1 Bu
Figure 5.1: Substrate and product profiles for VFA controls in the presence of 1000 
pmoles (18.4 kPa) hydrogen and a mixture o f VFAs. ((A) Hydrogen, (B) Methane. Each 
value shown represents the mean ± SD of triplicate samples).
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Mixture A: 1500 mg F1 Ac, 1500 mg F1 Pr, 1500 mg F1 Bu 
Mixture B: 1500 mg F1 Ac, 500 mg F1 Pr, 500 mg F1 Bu 
Mixture C: 500 mg F1 Ac, 1500 mg F1 Pr, 500 mg F1 Bu 
Mixture D: 500 mg F1 Ac, 500 mg F1 Pr, 1500 mg F1 Bu
Figure 5.2: VFA profiles for VFA controls in the presence of 1000 pmoles (18.4 kPa) 
hydrogen and a mixture o f VFAs. Each value shown represents the mean ± SD of 
triplicate samples.
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Oleic Acid
The effects of adding VFAs mixtures (Table 5.1) plus 2000 mg I"1 OA on hydrogen 
degradation (1000 /tmoles (18.4 kPa)) were assessed. In the hydrogen control, hydrogen 
was consumed within 24 h after inoculation into the serum bottle headspace. The 
hydrogen profiles observed for cultures inoculated with OA plus VFA Mixtures B, C, and 
D were similar (Figure 5.3 (A)). Cultures containing OA and Mixture A (the greatest 
VFA mixture concentration) showed the only statistically significant inhibition to 
hydrogen metabolism when compared to the OA control. The inhibition observations are 
based on a statistical comparison of half-life values with reference to the hydrogen 
control using Tukey's procedure (Box et al., 1978) at a 95% confidence level (Table 5.3). 
All the samples containing OA and the VFA mixtures showed significant methane 
inhibition over the duration of the study (Figure 5.3 (B)). No appreciable methane 
production was observed in this culture over the course of the experiment. The VFA 
profiles for VFA mixtures plus OA are shown in Figure 5.4. The presence of OA plus 
VFA mixtures resulted in significant inhibition to VFA degradation.
Linoleic Acid
The impacts of VFA mixtures were also examined in the presence of 2000 mg I*1 LA and 
1000 /xmoles (18.4 kPa) hydrogen. The LA control showed a large degree of inhibition 
to hydrogen consumption compared to the hydrogen control (Figure 5.5 (A)). In 
comparison to the LA control containing hydrogen, similar levels of hydrogen 
consumption were detected in VFA Mixtures B, C, and D (Figure 5.5 (A)). The only 
statistically significant inhibition to hydrogen metabolism was observed in cultures 
containing LA and Mixture A. The LA control was almost completely inhibitory to 
methane production. The methane profiles for cultures receiving LA plus a VFA mixture 
were similar to the LA control (Figure 5.5 (B)). The VFA profiles for all VFA mixtures 
with LA showed insignificant VFAs removal (Figure 5.6).
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■ Hydrogen Control 
□ LCFA Control
•  Mixture A: 1500 mg I'1 Ac, 1500 mg I1 Pr, 1500 mg I'1 Bu 
o Mixture B: 1500 mg F1 Ac, 500 mg F1 Pr, 500 mg 1 Bu 
▲ Mixture C: 500 mg F1 Ac, 1500 mg F1 Pr, 500 mg F1 Bu 
a  Mixture D: 500 mg F1 Ac, 500 mg F1 Pr, 1500 mg F1 Bu
Figure 5.3: Substrate and product profiles for cultures in the presence of 2000 mg I"1 OA, 
1000 pmoles (18.4 kPa) hydrogen and a mixture of VFAs. ((A) Hydrogen, (B) Methane. 
Each value shown represents the mean ± SD o f triplicate samples).
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Mixture C: 500 mg I 1 Ac, 1500 mg I'1 Pr, 500 mg I 1 Bu 
Mixture D: 500 mg I 1 Ac, 500 mg I 1 Pr, 1500 mg I 1 Bu
Figure 5.4: VFA profiles for VFA mixtures in the presence of 2000 mg F1 OA and 1000 
pmoles (18.4 kPa) hydrogen. Each value shown represents the mean ± SD of triplicate 
samples.
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Figure 5.5: Substrate and product profiles for cultures in the presence of 2000 mg I'1 LA, 
1000 nmoles (18.4 kPa) hydrogen and a mixture o f VFAs. ((A) Hydrogen, (B) Methane. 
Each value shown represents the mean ± SD o f triplicate samples).
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•  Acetate (Ac)
■ Propionate (Pr)
▲ Butyrate (Bu)
Mixture A: 1500 mg I"1 Ac, 1500 mg I"1 Pr, 1500 mg I"1 Bu 
Mixture B: 1500 mg I 1 Ac, 500 mg I'1 Pr, 500 mg l*1 Bu 
Mixture C: 500 mg 11 Ac, 1500 mg 11 Pr, 500 mg I 1 Bu 
Mixture D: 500 mg I 1 Ac, 500 mg I 1 Pr, 1500 mg F1 Bu
Figure 5.6: VFA profiles for VFA mixtures in the presence of 2000 mg F1 LA and 1000 
pmoles (18.4 kPa) hydrogen. Each value shown represents the mean ± SD of triplicate 
samples.
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5.3.2 Electron Mass Balance
Electron mass balances for cultures containing various VFA mixtures in plus OA are 
shown in Figure 5.7 (sample calculations are provided in Appendix B). The electron 
balance is based on the transfer of electrons from hydrogen, acetate, propionate and 
butyrate to methane production. The percent electron mass balance is based on the initial 
amount of each compound added (Figure 4.10). The electron balance assumes that the 
degradation rate of the LCFA is low enough that the contribution of electrons from its 
byproducts is negligible. The electron balance only includes the substrates and products, 
and does not include the LCFA parent compound nor its byproducts. Notice that the 













■ Hydrogen Control 
□ LCFA Control
•  Mixture A: 1500 mg I"1 Ac, 1500 mg I'1 Pr, 1500 mg F1 Bu 
o Mixture B: 1500 mg I 1 Ac, 500 mg Fl Pr, 500 mg 1 Bu 
▲ Mixture C: 500 mg F1 Ac, 1500 mg F1 Pr, 500 mg F1 Bu 
a  Mixture D: 500 mg F1 Ac, 500 mg F1 Pr, 1500 mg F1 Bu
Figure 5.7: Electron mass balances for cultures in the presence of 2000 mg I'1 OA, 1000 
pmoles (18.4 kPa) hydrogen and a mixture o f VFAs. Each value shown represents the 
mean ± SD of triplicate samples.
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5.4 DISCUSSION
VFAs are important in an anaerobic bioreactor because their levels are an indicator of 
normal operation or process failure (Hill et al., 1987). Acetate, propionate and butyrate 
were examined in mixtures because they are the major VFAs produced during anaerobic 
treatment (Boone, 1985). The VFA controls for all VFA mixtures A, B, C, and D show 
that hydrogen consumption was not significantly inhibited when only VFAs were added 
(Figure 5.1 (A), Table 5.2).
In the hydrogen control, methane production was correlated to the amount of hydrogen 
consumed (Figure 5.1 (B)). In the absence o f LCFAs (VFA controls), significantly higher 
amounts of methane were produced in the presence of VFA Mixture B, C, and D 
compared to the hydrogen control with a concomitant reduction in the concentration of 
acetate, suggesting that the additional methane produced was due to the degradation of 
acetate by aceticlastic methanogens. The hydrogen removal profile for VFA Mixture A 
(1500 mg I'1 of each VFA) was similar to the profile for the hydrogen control. Therefore, 
the higher total VFA concentration was likely inhibitory to the aceticlastic methanogens. 
In the VFA controls, acetate removal was the greatest. Similar to the effects observed 
with individual VFA (Chapter 4), the degradation of these acids was closely linked with 
methane production (Figure 5.2). The removal of acetate can be explained by the fact that 
the conversion of acetate to methane is more thermodynamically favorable than the 
degradation of butyrate or propionate. The inhibitory effect of high VFA levels on their 
degradation was also reported by Mawson et al. (1991). They observed that 1000 to 2000 
mg I 1 acetate significantly inhibited degradation of propionate at 500 mg I'1.
Mixture A in the presence of LCFAs had a significant inhibitory effect on hydrogen 
consumption compared to the LCFA controls (Figures 5.3 (A) and 5.5 (A)). Mixture A 
in the presence of LA had a final pH value of 5.75 (Appendix D). Fang and Liu (2002) 
showed that methanogenic activity was suppressed at pH 5.5 or lower; as pH was 
increased to 7.0, hydrogenotrophic methanogens became more active and consumed 
hydrogen. Also, the ratio of unionized to ionized VFAs initially ranged from 1.3% to
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1.7% for each VFA in the mixture (Appendix E) and after 72 h, increased to a ratio 
ranging from 10.2% to 13.2%. The increased level of unionized VFAs (relative to ionized 
VFAs) due to low pH level may have contributed to the inhibitory effect on the 
hydrogenotrophic methanogens. Undissociated acids cause inhibition by traversing the 
cell membrane at a low pH. Once inside the cell, the acid dissociates and alters the 
internal pH. The released proton disrupts the proton pump and interferes with membrane 
and intracellular processes (Jones and Woods, 1986).
Mixture A in the presence OA showed a less inhibitory effect to hydrogen consumption 
when compared to its effect in the presence of LA. The lower inhibition observed in 
Mixture A with OA was also paired with a  higher final pH value of 6 (after 72 h) and a 
low ratio of unionized VFAs to ionized VFAs for each VFA in the mixture, 1.3% to 
1.4%.
Both OA and LA significantly inhibited hydrogen consumption (Figure 5.3 (A) and 5.5 
(A)), with LA more inhibitory than OA. This observation is supported by previous 
studies which have shown LA to be more inhibitory than OA (Shin, 2003; Lalman and 
Bagley, 2002; Mykhaylovin et al., 2005). The hydrogen consumption inhibition due to 
LCFAs was not significantly enhanced by VFA mixtures B, C, and D (Figures 5.3 (A) 
and 5.5 (A)). These observations are contrary to the data presented in Chapter 4 where a 
significant enhancement of LCFA inhibition of hydrogen consumption was observed with 
individual VFAs at concentrations used in mixtures B, C and D. However, in this 
chapter, the inhibition of hydrogen consumption in the LCFA controls (Table 5.3) is 
much greater than that observed in the controls presented in Chapter 4 based on percent 
hydrogen degradation half-life values (Table 4.4). The greater inhibition may be due to 
the 1 day incubation with LCFA before the addition of hydrogen used in the present 
chapter as compared with 0 day incubation for the study presented in Chapter 4. This 
seems to confirm the observation in Chapter 4 that the additional inhibition of hydrogen 
consumption by VFA depends on both its concentration and the level of inhibition by the 
LCFA alone. The relatively high level of inhibition by LCFA alone in this chapter may 
explain the lack of enhanced inhibition due to the presence of VFA for mixtures B, C,
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and D. However but with higher VFA concentrations (as in mixture A), the additional 
effect is still significant (Table 5.3).
Methane production was significantly inhibited in LCFA controls as compared to the 
hydrogen controls, indicating a strong inhibition of hydrogenotrophic methanogens by 
LCFA (Figures 5.3 (B) and 5.5 (B)). The hydrogenotrophic methanogenic inhibition was 
further enhanced by the presence of VFAs Figures 5.3 (B) and 5.5 (B). Reduction in 
hydrogen levels not accounted for by the methane produced suggests diversion of 
hydrogen to other products by bacteria which are probably not as strongly inhibited. One 
possibility is the conversion of hydrogen to formate (Equation 2.20). Formate is an 
effective electron carrier for syntrophic reactions in anaerobic systems (Wu et al., 1996). 
Bleicher and Winter (1994) observed formate production when conditions for 
methanogenesis from H2/CO2 were not optimal (e.g. inhibition by BES, chloroform, or 
ethanol). Their analysis may suggest that formate production from hydrogen could occur 
since hydrogen was prevented from combining with carbon dioxide to produce methane 
due to the presence of inhibitors such as LCFA plus high levels of VFAs. However, this 
pathway is also susceptible to inhibition as indicated by the increased inhibition (in the 
case of OA) and almost complete inhibition (in the case of LA) of hydrogen consumption 
in cultures receiving LCFA and VFA mixture A.
5.5 CONCLUSIONS
The work reported in this chapter describes the effect of LCFA plus mixed VFAs 
(acetate, propionate, and butyrate) on hydrogen degradation in a mixed anaerobic culture. 
A half-fractional factorial design was used to determine the VFA concentrations of each 
mixture (500 or 1500 mg F1 of each VFA) in conjunction with either 2000 mg I'1 oleic 
acid or linoleic acid. The conclusions from the experiments reported in this chapter are:
1. Both OA and LA were inhibitory to  hydrogen consuming microorganisms. The 
level of inhibition was greater with LA than OA.
2. The VFA mixtures (acetate, propionate, butyrate) at all concentrations studied 
were not inhibitory to hydrogen consuming microorganisms.
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3. The greatest inhibitory effect on hydrogen consumption was observed with either 
LCFA plus the mixture containing the greatest levels of VFAs (1500 mg I'1 each 
of acetate, propionate and butyrate).
4. The same inhibitory effect to hydrogen consuming microorganisms was observed 
for each VFA mixture containing two VFAs at a low concentration (500 mg f 1) 
and one VFA at a high concentration (1500 mg I"1) (i.e. Mixture B, C, and D) 
when in the presence of LCFAs.
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CHAPTER 6: GENERAL CONCLUSIONS
The main objective of this study was to determine the effects of VFAs and two C]8 
LCFAs on hydrogen consumption. Inhibition of hydrogen consumption was desirable 
since it can be recovered and used as an energy source. The metabolic pathway 
converting hydrogen to methane was inhibited using LCFAs but not by VFAs alone. The 
degree of inhibition by LCFAs was enhanced with the addition of individual or mixed 
VFAs at all concentrations. Greater inhibition was detected at higher levels of VFAs. 
Incubation of OA and acetate also decreased rate of hydrogen metabolism. In general, 
the addition of VFAs in a mixed anaerobic culture enhanced the inhibitory effect to 
hydrogen consumption in the presence of LCFAs. The effect was more significant at 
higher VFA concentrations.
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 7: ENGINEERING SIGNIFICANCE
Hydrogen production has gained widespread attention recently with applications as an 
energy source, especially because of increasing energy demands. Of the several methods 
examined to produce hydrogen, dark anaerobic fermentation is among the least energy 
intensive and is sustainable, as it uses organic substrates. The anaerobic production of 
hydrogen would require a similar setup as used in methane fermentations (Benemann, 
1996) and could possibly be implemented into existing structures.
The possibility of using dark anaerobic fermentation with culture with the addition of 
LCFA to inhibit the metabolism of hydrogen was studied. It is a practical option for 
hydrogen production because these acids are commonly present in many wastewaters, 
making the process economical, compared with conventional inhibition techniques like 
heat treatment. VFAs are also produced in anaerobic fermentations via acidogenesis. A 
problem with anaerobic fermentation is that low hydrogen yields have been reported from 
carbohydrate substrates, though several recent studies have been conducted to increase 
this yield. An understanding of the inhibitory effect on hydrogen metabolism by VFAs 
and LCFAs can be used to improve hydrogen yields. The data presented in this study 
may assist in further studies of continuous fermentative hydrogen production systems and 
in the design of laboratory experiments to further assess the impacts of using VFAs and 
LCFAs.
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APPENDICES
APPENDIX A: CALIBRATION CURVES
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APPENDIX B: SAMPLE ELECTRON MASS BALANCE
CALCULATIONS
The electron balance assumes that the degradation rate of the LCFA is low enough that 
the contribution of electrons from its byproducts is negligible. The electron balance only 
includes the substrates and products, and does not include the LCFA parent compound 
nor its byproducts.
electrons + electrons
Electron mass balance (%) = --------------------------------------  *100 B.l
electrons inital
Sample Calculation: The following is an example electron mass balance for culture 
receiving 500 mg I'1 acetate and in the presence of 2000 mg I'1 OA, 500 ptmoles (9.2 kPa) 
hydrogen initially and at 72 h.





Therefore, acetate gives 8 electrons, hydrogen gives 2 electrons, and methane uses 8 
electrons. The concentrations of substrates and products were converted to electrons 
based on the stated relationships and were related as a percentage based on the intial 
amounts of substrate added.
(electronsCH cocr + electronsH ) + electronsCH
Electron mass balance (%)  ---------------- 1----       * 100
electrons inital
At time = 0 h,
13343 +10021 + 0
Electron mass balance (%)   *100 = 100.0%
4345
At time = 72 h,
Electron mass balance (%) =    *100 = 85.3%
4345
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APPENDIX C: GIBB’S STANDARD FREE ENERGY CHANGE 
CALCULATIONS
Theoretical Gibb’s free energy profiles were plotted in Figure 4.14 for degradation of 
propionate and butyrate to hydrogen as per equation (2.13) and (2.14), respectively. The 
profiles were based on equation (B.l). The profiles shown assume unit concentration of 
each of the liquid reactants and products at varying hydrogen partial pressures. The 
values of AG0' for the degradation of each VFA was calculated using Gibb’s free energy 
of formation at 298 K (AGf°) for each compound found in Thauer et al. (1977). A sample 
calculation is given for butyrate. The same approach was used for plotting the Gibb’s free 
energy profile for the degradation of propionate.
AG = Gibb's free energy (kJ/mol)
AG0' = Standard free energy change at 298 K (kJ/mol) 
T = absolute temperature (K)
R = universal gas constant (8.314 x 10'3 kJ/mol-K)
C, D = concentration of products (M)
A, B = concentration of reactants (M)
Sample Calculation: An equation for the degradation of butyrate was found that relates 
Gibb’s free energy and hydrogen partial pressure.





AG — £ G products ~ GReactants B.2
CH3CH2CH2COO' + 2H20  2CH3COO‘ + H+ + 2H2
A Gf° -352.63 -237.18 -369.41
(kJ/mol)
Using Equation B.2,
AG°' = 2 (-369.41) - [(-352.63) + 2(-237.18)] = 88.17 kJ/mol
Using Equation B .l at unit concentrations (mol I 1) of liquid products and reactants, 
AG° = AG°' + 2.303* 2 * R T  log [H 2]
■j(298X)log[/f2]AG° = 88.11 kJ / mol + 2.303* 2 * 8.314
AG° = 88.17+11.41og[H2] (kJ/mol)
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APPENDIX D: PH AND VOLATILE SUSPENDED SOLIDS (VSS) 
DATA
Table D.l: Initial and final pH values for VFA controls receiving 500 pmol hydrogen 
(9.2 kPa) and propionate.
Spsiliiiliiillll; Hydrogen Initial VFA Concentration (mg I'1)
VFA PH Control 500 1000 1500
p i 1 \  nine
Propionate
Initial 7.85 ± 0.02 6.93 ± 0.03 6.84 ± 0.02 6.76 ± 0.04
Final 8.06 ± 0.03 7.42 ± 0.04 7.23 ± 0.03 7.13 + 0.02
Table D.2: Initial and final pH values for cultures receiving 500 pmol hydrogen (9.2 
kPa), 2000 mg I'1 LCFAs, and propionate.





Initial \  F \  Concentration (mg 1 ‘) 
500 1000 1500
pll \a lu e
OA Initial 7.85 ± 0.02 7.42 ± 0.03 7.09 ± 0.03 7.05 ± 0.01 6.98 ± 0.02
Propionate Final 8.06 ± 0.03 8.27 ± 0.05 7.75 ± 0.03 7.46 ± 0.01 7.30 ± 0.02
LA Initial 7.83 ± 0.02
7.86 ±0.01 7.85 ± 0.04 7.64 ± 0.01 7.52 ± 0.01
Final 7.38 ± 0.02 7.43 ± 0.02 7.21 ± 0.02 7.03 ± 0.01 6.84 ± 0.01
Table D.3: Initial and final pH values for cultures incubated with 2000 mg I'1 OA for 1 or 





Control I.CI \  Control
1500 mg I'1 
Acetate
1500 mg I'1 
Propionate
1500 mg I'1 
Hul> rale
pH tallies
1 Initial 7.28 ± 0.01 7.41 ± 0.03 6.95 ± 0.00 6.96 ± 0.00 7.03 ± 0.00
Final 7.84 ±0.10 8.26 ± 0.02 7.29 ± 0.01 7.44 ± 0.01 7.45 ± 0.01
2 Initial 7.82 ±0.12 8.03 ± 0.08 6.93 ± 0.01 6.99 ± 0.01 7.04 ±0.01
Final 8.09 ±0.14 8.36 ± 0.04 7.50 ±0.01 7.64 ± 0.02 7.76 ± 0.02
Table D.4: Initial and final pH values for cultures incubated with 1500 mg I'1 acetate for 





Acetate Incubation Time (d)
0 1 2
p ll  Values
Initial S.03 ± 0.08 6.93 ± 0.01 6.95 ± 0.04 6.91 ±0.01
Final 8.36 ± 0.04 7.50 ±0.01 7.38 ±0 .13 7.47 ±0.02
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Table D.5: Initial and final pH values for VFA controls receiving a mixture of VFAs and 
1000 /xmoles (18.4 kPa) of hydrogen.
pH
llulrogen
Control Mixture A M ixture B Mixture C Mixture 1)
pi 1 \  nines
Initial 7 84 ± 0.02 (>.78 t  0.02 7.38 ± 0.04 7.39 + 0.01 7.54 ± 0.02
Final 8.07 ± 0.03 6.36 ± 0.06 7.15 ± 0 .0 4 7.24 ±0.01 7.29 ±0.01
Table D.6: Initial and final pH values for cultures receiving a mixture of VFAs, 2000 mg 
I'1 LCFA and 1000 fimoles (18.4 kPa) of hydrogen.




Control M ixture A Mixture It Mixture C Mixture l>
OA Initial 7.84 ± 0.02 8.35 ±0.01
7.23 ± 0.01 7.78 ± 0.04 7.84 ± 0.03 7.84 ± 0.04
Final 8.07 ± 0.03 8.46 ±0.01 6.61 ±0.01 7.20 ± 0.04 7.29 ± 0.03 7.35 ± 0.04
LA Initial 7.70 ±0.02 7.85 ± 0.03
6.65 ± 0.04 7.39 ± 0.02 7.35 ± 0.01 7.23 ± 0.03
Final 7.37 ± 0.03 7.43 ± 0.03 5.75 ±0.06 6.46 ± 0.05 6.50 ± 0.03 6.59 ± 0.03
Table D.7: Volatile suspended solids (VSS) concentrations in the hydrogen control of 
each condition examined.
Condition examined in l-.xpcrinienl
\  SS in 1 d r o g c u  Control (un> I'1)
Initial Final
Individual VFA Study (Chapter 4)
Propionate + OA 2080 ± 85 2143 ± 85
Propionate + LA 1993 ± 104 2173± 101
Ineiihation St mix (Chapter 4)
1 day OA incubation 2097 ± 65 2170 ± 51
2 day OA incubation / 
Acetate incubation study * 2103 ± 83 2143 ± 57
Mixed M- \s S lu d \ «  liapter?)
OA + VFA Mixtures 2023 ±111 2097 ± 80
LA + VFA Mixtures 2100 ± 75 2143 ±76
* The cultures for the acetate incubation study were run simultaneously with the 2 day OA incubation 
study.
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APPENDIX E: CALCULATIONS FOR UNIONIZED ACIDS TO 
IONIZED ACIDS RATIOS




K a = lCT"*" E.2
[H + ] = 10~pH E.3
By rearranging,
[HA] unionized acid 10~pH
[A ] ionized acid 10 pK“
E.4
Sample Calculation: As an example, the initial and final ratios of unionized acids to 
ionized acids were calculated for each VFA in cultures receiving a mixture of VFAs 
(1500 mg I' 1 acetate, 1500 mg I' 1 propionate, and 1500 mg I' 1 butyrate), 2000 mg I 1 LA 
and 1000 pmoles (18.4 kPa) of hydrogen.
At 25°C (Petrik Library, Inc., 2006),
CH3COOH H* + CH3COO' pKa = 4.76
CH3CH2COOH H+ + CH3 CH2COO‘ pKa = 4.87
CH3CH2CH2COOH -» H+ + CH3CH2CH2COO‘ pKa = 4.82
Initial pH = 6.65 
Acetate:
unionized acid 1 0 ~pW 10~665 *100 = 1.3%
ionized acid 10  pK" 10  476
Propionate:
unionized acid = 10~pH ^  IQ-665 ^ m _ 1J%  
ionized acid \Q~pKa 1 0 “4'87
Butyrate:
unionized acid 10~pH 1 0 “665 . , , cny-------------------     = -----   ^ iuu = 1 .5 %
ionized acid 10  p a 10
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Final pH = 5.75 
Acetate:
unionized acid 10-pH 10~5 75
ionized acid 10 pK“ 10 4 76
* 100 =  10.2%
Propionate:
unionized acid _ 1 0 ^  _ 10~5 7S ,  1QQ _ U  2% 
ionized acid \Q~pK° 10~487
Butyrate:
unionized acid 10~pH 10~575
ionized acid 10 pK“ 10 4 82
* 100 = 11.7%
Therefore, the ratio of unionized acids to ionized acids initially ranged from 1.3% to 
1.7%. After 72 h, the ratio ranged from 10.2% to 13.2%.
REFERENCES
Petrik Library, Inc. Acid/Base pKa Values. Accessed May 7, 2006.
www.petrik.com/PUBLIC/librarY/misc/acid base pk.htm.
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